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A bstract
The retinal pigm ent epithelium  (RPE) is a monolayer of hexagonal organized 
cells located between the choriocapillaris and the neurosensory retina. As the 
RPE is implicated in a range of eye diseases, an understanding of its structure 
and ability for self renewal is critical for therapeutic strategies.
Analysis of hum an RPE cells at the extreme periphery of the retina reveals a 
population larger in size than those in the centre, they are highly irregular and 
form an annulus of 4-5 mm. Although binucleation in hum ans is rare, 10% of 
these cells are binucleated. In the central region these large binucleated cells are 
only found adjacent to drusen, which are age-related lipid-rich deposits.
Compared with humans, rat RPE is relatively homogeneous, however, the 
majority of its cells are binucleated, particularly in the central region. H um an 
and rat RPE also shows different patterns of aging. In humans, the centre of the 
retina shows a significant reduction in RPE cell density with age, which was not 
observed in aged rats.
The capacity of m ature RPE cells to enter the cell cycle was investigated using a 
proliferative marker in rats. Here a subpopulation of m ature peripheral RPE 
cells had the capacity to enter the cell cycle, and one-third of these cells 
completed cellular division. As RPE proliferation occur in response to retinal 
detachment, this was perform ed on rats and the patterns of gene expression in 
RPE examined. An increase was observed in nestin, PCNA and Ki67 
expression, which was also confirmed at a protein level by 
immunohistochemistry. These results suggest that RPE cells have the capacity 
to proliferate and may possibly differentiate if subjected to appropriate stimuli 
in a normal retina.
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List of abbreviations
AMD age related macular degeneration.
atRal all-trans-retinaldehyde
B2M P-2-microglobulin
Bp base pair
CB cone bipolar cells
CCD charge couple device
CDK cyclic dependent kinase
CMZ ciliary margine zone
CNTF ciliary neurotrophic factors
llcRAL 11-cis-retinaldehyde
Ct cycle threshold
DA dark agouti rats
DAPI 4, 6-diamidino-2-phenylindole dihydrochloride
Dcx double cortin
ERKs extracellular signal-regulated kinase
FGF fibroblast grow th factor
GCL ganglion cell layer
HPR1 hypoxanthine phosphoribosyl transferase 1
IMH isomerohydrolase
INL inner nuclear layer
IPL inner plexiform layer
MAPKS mitogen-activated protein kinase
Mel m elanopsin
OPL outer plexiform layer
PCR polymerase chain reaction
PDGF platelets-derived growth factor
PEGF pigm ent epithelium-derived factor
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PIS photoreceptor inner segments
POS photoreceptor outer segment
QRT quantitative real-time
RGC retinal ganglion cells
Rho rodopsin
ROS reactive oxygen species
RPE retinal pigm ent epithelium
SDS sequence detector soft ware
Shh sonic hedgehog
TBP TATA box binding protein
VEGF vascular endothelial grow th factor
VZ ventricular zone
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Chapter 1
General Introduction to the Eye
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1.1 The mammalian eye
The vertebrate eye develops from bulges that grow from the neural tube. These 
bulges, the optic vesicles, remain attached to the diencephalon by the optic 
stalks. W hen the vesicles reach the head ectoderm, this thickens to form the lens 
placodes. The optic vesicles invaginate to form optic cups, the outer layer of the 
cup ultimately developing into the melanin-containing pigment epithelium  and 
the inner layer becoming the neural retina.
Figure 1 shows the structure of the hum an eye. The cornea is a curved 
transparent membrane and represents the first boundary between the air and 
the eye. The cornea does not contain blood vessels and is nourished by the 
aqueous hum our (the watery fluid between the cornea and the lens). Posterior 
to the cornea is the iris, which is em bedded with muscles that cause the pupil to 
enlarge or contract. Behind the pupil is the lens, which is suspended by 
ligaments to the ciliary muscles. The function of these muscles is to change the 
shape of the lens and help the eye to adjust focus to different viewing distances. 
The globe of the eye is filled w ith a viscous fluid (vitreous humour) which acts 
as a cushion for the eye and m aintains its spherical shape.
The retina lines the innerm ost surface of the eye and contains two different 
kinds of light-sensitive cells; rods and cones. The fovea defines the centre of the 
retina which is the region of highest visual acuity. The area in and around the 
fovea has a pale yellow pigm entation and is called the macula.
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Figure 1. Gross anatomy of the eye: saggital section through the adult human 
eye. RPE=retinal pigment epithelium; SR=sensory retina; CB=ciliary body.
Adapted from W. Barry VanWinkle. 
(http://medic.med.uth.tmc.edu/Lecture/Main/eye.htm)
1.2 The Retina
The neural retina is a layered structure with three distinct cell body layers (Fig. 
2), and two plexiform layers, which contain the neuronal processes and 
synaptic contacts. There are essentially five major cell types in the retina: 
photoreceptors; cells located in the outer retina; the bipolar amacrine and 
horizontal cells of the inner retina; and the ganglion cells in the ganglion cell 
layer (GCL).
In the simplest sense, photons of light are detected by the photoreceptors, 
which lie at the back of the retina furthest from the incoming rays of light. This 
information is passed to the second-order bipolar cells, which are connected to 
ganglion cells, whose axons pass out of the retina via the optic nerve and send 
visual information to the retinorecipient regions in the brain. The amacrine and
18
horizontal cells provide further processing of the light signal and enhance the 
function of the retina.
Figure 2. (left) Cross-section of an immunostained mouse retina. 
Photoreceptor immunolabelled with anti-cone arrestin (bluish-purple), 
amacrine and ganglion cells immunstained for calbindin (red) and bipolar 
cells immunstained for GFP (green), (right) Schematic diagram illustrates the 
distribution of retinal cell types in various layers. The adult vertebrate retina 
is a highly specialised, stratified tissue with distinctive nuclear and plexiform 
layers. Rod (R) and cone (C) photoreceptors form an outer nuclear layer that 
contact rod and cone bipolar cells (RB, CB) and horizontal cells (H); Bipolar 
cells relay information from the outer retina to the inner retina where they 
synapse onto retinal ganglion cells (G) cells and amacrine cells (A); OPL is the 
outer plexiform layer and IPL the inner plexiform layer. The left cross-section 
of an immunostained mature mouse retina shows lamination of cell bodies 
and synaptic photoreceptors. Adapted from Rachel Wong's website 
(http://wonglab.biostr.washington.edU/Research.html#Retina)
Photoreceptors are classified into three types; rods, cones and melanopsin
photoreceptors, the latter being a small number of intrinsically photosensitive
retinal ganglion cells (Bellingham et al, 2006). In mammals there is only one
type of rod, and usually two types of cones (M and S); primates however, have
three classes of cones (L, M and S). These are distinguished by the wavelength
19
of light to which they are sensitive: L= long-wave sensitive; M= medium wave; 
and S= short wave.
The photoreceptor cells are highly specialized, polarized cells. The outer 
segments (OS) contain membranous stacks of discs packed with photosensitive 
visual pigment, opsin. The inner segments (IS) consist of myoid, ellipsoid and 
nuclear regions. The ellipsoid is densely packed with mitochondria, and the 
myoid contains the cell's rough endoplasmic reticulum and Golgi apparatus 
(Fig. 3), reviewed in Rodieck (1998). The cell bodies of the photoreceptors 
reside in the outer nuclear layer (ONL).
p la s m a  m e m b ra m  
— c i l iu m - -
m ito c h o n d ria
Figure 3. Schematic diagram of cone and rod photoreceptors. The outer 
segments contain membranous stacks of discs. The inner segments consist of 
myoid, ellipsoid and nuclear regions. The ellipsoid is densely packed with 
mitochondria, and the myoid contains the cell's rough endoplasmic reticulum 
and Golgi apparatus.
Photoreceptors are not distributed evenly throughout the retina. One of the
characteristic features of a primate's retina is the high density of rods
throughout the periphery. In humans, for example, rods outnumber cones by
twenty-five to one in the midperiphery (Curcio et al, 1990). On the other hand
the fovea is exclusively occupied by cones, and they are at their highest density
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there. However, Williams (1991) showed that cones also occupy the first 1 mm 
of the extreme peripheral retina (Williams, 1991). Rods are relevant for 
monochromatic vision and are very light sensitive, while cones enable colour 
vision and are relatively less sensitive.
The rods and cones synapse onto bipolar and horizontal cells in the outer 
plexiform layer (OPL). Bipolar cells receive inputs either from rods (rod 
bipolar) or cones (cone bipolar), but not from both. These cells then convey light 
information to the ganglion and amacrine cells, making contact in the inner 
plexiform layer (IPL).
Horizontal cells are situated on the outer margin of the inner nuclear layer 
(INL). In most mammals there are two distinct types, HI and HII, bu t in rats 
and mice only one type has been identified (Boycott et al,  1987; Wassle et al,  
1989; Hack and Peichl, 1999). Horizontal cells provide feedback onto the rods 
and cones, and they m ight be involved in adjusting the retinal response to the 
overall level of illumination (Dacey et al, 1996).
Amacrine cells make synaptic contacts onto ganglion cells and also make 
inhibitory contacts w ith the bipolar cells in the IPL. There are many different 
kinds of amacrine cells that seem to have diverse functions. For example, there 
are dopaminergic amacrine cells, whose dopamine release influences several 
processes in the retina that are involved in its adaptation under light and dark 
conditions (Masland, 2001).
In most mammals, retinal ganglion cells (RGCs) have been classified into three
categories; I, II and III, based on morphology and projection (Dreher et al., 1985;
Martin, 1986). In the mouse, type I cells have both large soma and large
dendritic fields, type II cells have small to medium-sized soma with small
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dendritic fields and type III have small to medium-sized soma and large 
dendritic fields (Matsuo et al,  1993). It should be pointed out that the cell bodies 
of ganglion and amacrine cell types are not restricted to the GCL and INL, 
respectively. In rat and mouse retinae approximately 2% of ganglion cells have 
their cell bodies within the INL (Drager and Olsen, 1981), and ~59% of cells 
within the ganglion cell layer are displaced amacrine cells (Jeon et al,  1998).
The retina also contains three types of glial cell; Muller cells, astrocytes and 
microglia. The Muller cells are the principal glial cells in the retina with their 
cell bodies positioned in the INL. The neural retina is entirely bounded by the 
highly resistant seals of the M uller cells. The microvilli of Muller cells project 
apically to surround the photoreceptor cell bodies, and distally to surround 
blood vessels within the retina. These cells carry out diverse metabolic support 
functions for the neural retina: they control homeostasis by the uptaking of K+; 
they remove neurotransm itters from the extracellular space following release 
from synaptic terminals; they m ay also control extracellular pH  by facilitating 
the removal of CO2 by the production of the enzyme carbonic anhydrase; and 
also they nourish retinal neurons from glycogen stores (Newman and 
Reichenbach, 1996).
During development, the astrocytes of the retina migrate in from the brain via 
the optic nerve: they are mostly found within the optic nerve fibre layer where 
they envelop ganglion cell axons, they also cover blood vessels and may form 
part of the blood retinal barrier. Astrocytes may function in homeostasis by K+ 
and neurotransm itter uptake (Chan-Ling, 1994). The microglia are mesodermal 
in origin and are found in every retinal layer. In response to retinal injury, they 
become macrophagic and phagocytose-degenerating neurons (Chan-Ling, 
1994).
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1.3 Comparison of central and peripheral retina
In humans, the thickness of the retina varies between central and peripheral 
(Fig. 4), this is due to the increased packing density of photoreceptors, 
particularly the cones, and their associated bipolar and ganglion cells. In the 
foveal region, the cones have oblique axons displacing their cell bodies from 
their synaptic pedicles in the OPL. These oblique axons have accompanying 
Muller cell processes from the Henle fibre layer, which is the layer of the inner 
cone fibres in the central area of the retina, which is absent in the peripheral 
retina.
Figure 4. (A) Light micrograph of a vertical section through the central retina 
and (B) peripheral retina showing an increase in central retinal thickness due 
to the increase in packing density of photoreceptors, particularly the cones, 
and their associated bipolar and ganglion cells. The arrow point to the 
location of Henle fibre layer, which is the layer of the inner cone fibres in the 
central area of the retina, (webvision.med.utah.edu/imageswhusect.jpeg)
The INL is also thicker in the central area of the retina compared with the 
peripheral retina; this is due to a greater density of cone-connecting second- 
order neurons (cone bipolar cells) and more closely-spaced horizontal and 
amacrine cells concerned with the cone pathways.
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Another difference between the central and peripheral retina can be seen in the 
relative thicknesses of the IPL, GCL and nerve fibre layer (NFL). This is again 
due to the greater num bers and increased packing density of ganglion cells 
needed for the cone pathw ays in the cone-dominant foveal retina compared to 
the rod-dominant peripheral retina. The greater num ber of ganglion cells 
means more synaptic interaction in a thicker IPL and greater num bers of 
ganglion cell axons coursing to the optic nerve in the nerve fibre layer.
1.4 Blood supply to the retina
There are two sources of blood supply to the mammalian retina; the central 
retinal artery and the choroidal blood vessels. The choroid receives the greatest 
ocular blood flow (65-85%) and is vital for the maintenance of the outer retina 
(Henkind et al., 1979). The rem aining 20-30% flows to the retina through the 
central retinal artery from the optic nerve head to nourish the inner retinal 
layers.
The central retinal artery has four main branches in the hum an retina. The 
choroidal arteries arise from long and short posterior ciliary arteries and 
branches of Zinn's circle (around the optic disc). Each of the posterior ciliary 
arteries breaks up into fan-shaped lobules of capillaries that supply localized 
regions of the choroid (Hayreh, 1975). The arteries pierce the sclera around the 
optic nerve and fan out to form the three vascular layers in the choroid; the 
outer, medial and inner layers of the blood vessels. This is clearly shown in the 
corrosion cast of a cut face of the hum an choroids in Figure 5 (Zhang, 1994). The 
corresponding venous lobules drain into the venules and veins that run anterior 
towards the equator of the eyeball to enter the vortex veins. One or two vortex
24
veins drain each of the four quadrants of the eyeball. The vortex veins penetrate 
the sclera and merge into the ophthalmic vein.
Figure 5. The three vascular layers in the choroid: outer arteries and veins 
(red/blue arrow), medial arterioles (red arrow) and inner capillary bed 
(yellow star). Corrosion cast of a cut-face of the human choroid. Adapted 
from Zhang 1994.
1.5 Retinal pigment epithelium
1.5.1 General topography
The retinal pigment epithelium (RPE) consists of a continuous hexagonal 
monolayer of cells beginning at the edge of the optic nerve head and extending 
peripherally to the ora serrata. There are around 3.6 million RPE cells in a 
human retina (Boulton and Dayhaw-Barker, 2001).
Figure 6 shows the general structure of an RPE cell. The apical membrane of the 
RPE is rich in two types of microvilli which project into the photoreceptor space 
(Hogan, 1971). The first type has long thin microvilli (5-7 nm), which lie 
between the outer segments of the photoreceptors and make no contact with 
them. The second type has a shorter, more specialized form of microvilli (3-4
nm), which form a sheath around the outer segments of the photoreceptors 
(Cardillo-Piccolino et a lr 1989). The basal membrane of the RPE faces the 
choriocapillaris and exhibits numerous invaginations which increase the overall 
membrane surface area (Hogan, 1971).
Two essential features of the RPE are its polarity and barrier properties. The 
RPE is polarized, because it separates the neural retina from the fenestrated 
capillaries in the choroid. The apical membrane of RPE interacts with the 
photoreceptors; the basal membrane interacts with the choroid. Like other 
epithelia, the apical and basolateral membranes have different protein 
compositions that enable each to interact with different environments reviewed 
in (Rizzolo, 1997; Strauss, 2005).
Figure 6. A schematic representation of the RPE/photoreceptor outer segment 
complex. The apical membrane of the RPE is rich in two types of microvilli 
(MV), long and short. The basal membrane of the RPE exhibit numerous basal 
invaginations (BI) and is separated from the choriocapillaris by Bruch's 
membrane. The cytoplasm of RPE cells contains a large number of organelles 
including a nucleus (N), melanin (M) and lipofuscin granules (L). Intercellular 
junctions like the gap junction (GAP), tight junction (TJ) and apical junction 
(AJ) form between neighbouring cells which extend in a continuous fashion 
around the entire lateral membrane of each cell. Adapted from Rizzolo 1997 
(http://info.med.yale.edu/surgery/anatomy/Rizzolo/rizzolo%20figl.html)
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Human RPE is densely packed with melanin-containing pigment granules 
called melanosomes. Melanogenesis takes place in the early stages of the 
embryonic developm ent of the RPE and is over by birth (Zinn KM, 1979). This 
involves the generation of premelanosomes in the smooth endoplasmic 
reticulum and synthesis of tyrosinase, an enzyme essential for melanogenesis. 
In the foetus, RPE cells of the macular area are less pigmented than in other 
RPE regions, whereas in adults, the highest concentration of melanin is 
recorded in the macular and m id-peripheral region (Ts'o and Friedman, 1968).
Melanin granules have two shapes; ellipsoid, located at the apical region, and 
spherical in the midpoint. The function of these cells is to attenuate the 
impinging radiation by light scattering. Melanin also has a role in regulation 
and maturation of the retina. In albinos the central retina is underdeveloped, 
the fovea fails to develop and there is a reduction in rod numbers more than for 
cones, due to the deficiency in m elanin (Neveu et al., 2003; Gimenez et al., 2005).
Together with Bruch's m em brane the RPE forms the retinal blood barrier. 
Bruch's membrane is about 2 pm  thick, formed by the basal laminae of the 
choriocapillaris and the RPE, w ith an intervening zone of collagen and elastic 
tissue forming a five-layered structure (Feeney and Hogan, 1961; Hogan, 1961). 
The five layers consist of: 1- The basem ent membrane of the retinal pigm ent 
epithelium; 2- The inner collagenous zone, which is a central band of elastic 
fibres of about 0.8 pm ; 3- Central band of elastic fibers, 4- The outer collagenous 
zone, which is similar in structure to the inner collagenous zone; and 5- The 
basement m em brane of the choriocapillaris.
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1.5.2 RPE cell function
RPE cells have many complex functions such as light absorption, uptake, 
processing, and transport of retinoids that subserve vision, as well as 
phagocytosis of rod and cone outer segments (Fig. 7). Uptake and transport of 
retinol are mediated by receptors on the basolateral sides of the RPE and by 
cytosolic retinol- binding proteins that carry retinol to the interphotoreceptor 
matrix to be distributed to the photoreceptor.
Figure 7. A cartoon of the retinal-pigmented epithelium's function in vision. 
From left to right, the RPE's functions are: to absorb stray light; to transfer 
metabolites and waste to and from the photoreceptors; retinal glia (Muller) 
cells clear excess K+ ions; to recycle the retinal molecules involved in 
phototransduction; phagocytose optic disks and secrete angiogenic vascular 
endothelial growth factor (VEGF); and anti-angiogenic platelet-derived 
growth factor (PEDF). VEGF plays a naturally protective role of maintaining 
adequate blood flow to the RPE and photoreceptors. PEDF is an autocrine 
growth factor, which causes RPE cells to migrate and proliferate. The RPE cell 
microvilli extend towards the top of the diagram to wrap around the rod and 
cone photoreceptors. Situated below the RPE are BM and then the choroid 
vasculature. Figure adapted from Strauss 2005.
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RPE cells also transport ions, w ater and metabolic end products from the 
subretinal space to the blood (Miller and Edelman, 1990) and take up nutrients 
such as glucose, retinol, and fatty acids from the blood and deliver these to 
photoreceptors (Strauss, 2005).
1.5.3 Phagocytosis
As time passes, the concentration of light-induced toxic substances increases 
inside the photoreceptors (Beatty et al,  2000). Therefore, to m aintain their 
function, the outer segment (Saari et al)  undergoes a constant renewal process 
(Bok, 1993). The tips of the POS photoreceptors are shed and phagocytosed by 
the RPE. Here the digested molecules and other im portant molecules, such as 
retinal or docosahexaenoic acid (DHA), are redelivered to photoreceptors in a 
m anner comparable to the visual cycle (Bok, 1993). For recycling, DHA is 
removed from phospholipids and redelivered to photoreceptors as a fatty acid 
(Bazan et al, 1992). Retinal undergoes the RPE-specific part of the visual cycle 
and is redelivered as 11-cis-retinal to photoreceptors.
The initial step in phagocytosis (Fig. 8) is the specific binding of POS at the 
apical membrane of the RPE (Thomson et al., 1998). The second step involves 
activation of a second-messenger cascade, which in turn activates the ingestion 
of bound POS (Thomson et al., 1998). CD36, MerTK and integrin receptors have 
all been described as regulators of POS phagocytosis. The macrophage 
scavenger receptor CD36 was found to regulate the rate of POS internalization 
(Ryeom et al, 1996; Finnemann and Silverstein, 2001). Tyrosine kinase c-mer 
(MerTK) and a v(3s -integrin receptors are involved in the initialization of 
phagocytosis (Finnemann, 2003). Cells lacking the MerTK receptor can bind 
POS but are unable to ingest them (Chaitin and Hall, 1983).
29
Figure 8. Phagocytosis: the binding of the photoreceptor outer segment (POS) 
leads to an increase in intracellular InsP3 which acts as an intercellular signal.
Integrin is involved in binding POS and that is mediated by receptor tyrosine 
kinase MerTK. Ingestion involves the macrophage receptor CD36. 
Coordinate signal transduction occurs through the focal adhesion Kinase 
(FAK); CD36, macrophage phagocytosis receptor; FAK, focal adhesion kinase;
Gas6, growth-arrest-specific protein 6; MerTK, receptor tyrosine kinase c-mer;
PLC, phospholipase C; and POS, photoreceptor outer segment. Figure 
adapted from Strauss 2005.
The process of POS shedding and phagocytosis is under circadian control 
(LaVail, 1980, , 1983; Chen et al, 1999). The major burst of the rods' outer 
segment phagocytosis takes place shortly after the beginning of the light period, 
and during the remainder of the light period, the membranes are degraded by 
the pigment epithelium. In contrast, the major burst of activity of the cones' 
outer segment takes place early in the dark period, and is then digested by the 
pigment epithelial cells during the subsequent hours of darkness (Young, 1978).
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1.5.4 Transepithelial transport
The RPE has the structural properties of an ion-transporting epithelium, it 
transports ions and water from the subretinal space (apical side) to the blood 
(basolateral side). Both the apical and basal membranes contain pum ps, 
facilitative transport systems and passive ion channels such as the electrogenic 
sodium-potassium pum p on the apical membrane and the chloride-bicarbonate 
exchange transporter on the basal membrane. The net effect of these is to move 
water across the RPE in the apical to the basal direction. The retina produces 
large amounts of water, mainly from the considerable metabolic turnover in 
neurons and photoreceptors.
Intraocular pressure also causes the movement of water from the vitreous body 
into the retina (Hamann, 2002). The transport of water is very im portant and is 
required for close structural interaction of the retina with its supportive tissues 
in establishment of an adhesive force between RPE and retina (Strauss, 2005).
The RPE also regulates the transport of various ions such as Cl', K+, Na+ and 
HCO3' to and from the retina. This is essential for the regulation of the pH  and 
the polarization/hyperpolarization of cell membranes (Boulton and Dayhaw- 
Barker, 2001). Additionally, metabolites and nutrients such as glucose and 
amino acids are transported from the blood to the photoreceptors via the RPE. 
Both the apical and the basolateral membranes of the RPE contain a vast 
amount of glucose transporters (GLUT1 and GLUT3), which allow glucose to be 
passively transported across both membranes. The asymmetrical distribution 
and regulation of these specialized transport proteins within the apical and 
basolateral membranes, which regulate the transport of ions, fluids and 
metabolites, ensure that the RPE can determine the microenvironment bathing 
the photoreceptors (Boulton and Dayhaw-Barker, 2001).
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1.5.5 Absorption of light and protection against photo-oxidation
The retina is exposed to radiant energy, which is mostly absorbed by the RPE. It 
is also surrounded by an oxygen-rich environment as it floats on the 
choriocapillaris. This, together with the high metabolic activity of the RPE, 
causes the formation of reactive oxygen species (ROS) which cause oxidative 
damage to cells by harm ing proteins, DNA and lipids (Boulton and Dayhaw- 
Barker, 2001). The phagocytosis of the photoreceptor outer segments also 
produces large am ounts of reactive oxygen species (Miceli et al,  1994). To 
reduce this oxidative dam age the RPE has two lines of defence:
1- The absorption and filtering of light by pigments in the RPE, such as 
melanin, found throughout the RPE and the carotenoids, which are found only 
in the macula. Melanin, which is found in melanosomes in the RPE cells, is 
responsible for reducing the levels of light entering the RPE by acting as a 
neutral filter. The carotenoids, such as lutein and zeaxanthin, however, filter 
out reactive blue light. Blue light seems to be the most damaging to the RPE 
cells of adult eyes as it perm its the photo-oxidation of lipofuscin components to 
cell toxic substances (Strauss, 2005).
2- The RPE contains antioxidants which reduce the rate of oxidation reactions 
by neutralizing ROS. This reduces the damage that is caused by ROS to cellular 
macromolecules (Boulton and Dayhaw-Barker, 2001). There are two main types 
of antioxidants found in the RPE, enzymatic and nonenzymatic antioxidants. 
The enzymatic antioxidants are superoxide dismutase and catalase, both of 
which are found in high concentrations in the RPE (Miceli et al., 1994). The 
nonenzymatic antioxidants which accumulate in the RPE include ascorbate, a-  
tocopherol, carotenoids, glutathione and melanin (Strauss, 2005). Although RPE
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cells are able to repair dam aged lipids, DNA and proteins (Strauss, 2005), some 
oxidative damage is still inevitable.
1.5.6 Secretion
The RPE is known to produce and to secrete a variety of growth factors as well 
as those essential for m aintenance of the structural integrity of the retina and 
choriocapillaris, and survival of the photoreceptors (Cao et al., 1999). Examples 
of these factors are: fibroblast growth factors (FGF-1, FGF-2, and FGF-5) 
(Caruelle et al, 1989; Bost et al,  1992, , 1994); transforming growth factor-|3 
(TGF- p) (Kvanta, 1994); insulin-like growth factor-I (Martin et al., 1992); ciliary 
neurotrophic factor (CNTF) (Cao et al., 1997); platelet-derived growth factor 
(PDGF) (Campochiaro et al., 1994); VEGF (Adamis et al, 1993); lens epithelium- 
derived growth factor (LEDGF) (Ahuja et al,  2001); members of the interleukin 
family (Ishida et al., 2003); and pigm ent epithelium-derived factor (PEDF) 
(Dawson et al, 1999; Ogata et al,  2002).
In the healthy eye, PEDF helps to maintain the retinal, as well as the 
choriocapillaris, structure in tw o ways. First, it acts as neuroprotective factor 
against glutamate-induced or hypoxia-induced apoptosis (Cao et al., 2001; 
Ogata et al., 2001). Second, PEDF was shown to function as an anti-angiogenic 
factor which inhibits endothelial cell proliferation and stabilizes the 
endothelium of the choriocapillaris (Dawson et al,  1999; Ogata et al, 2002).
VEGF is a vasoactive factor m ade and secreted in low concentration by the RPE 
in a healthy eye (Adamis et al,  1993), where it prevents endothelial cell 
apoptosis and is essential for an intact endothelium of the choriocapillaris 
(Bums and Hartz, 1992). VEGF also acts as a permeability factor stabilizing the 
fenestrations of the endothelium  (Roberts and Palade, 1995).
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1.6 Phototransduction cascade
The visual pigm ent opsins stacked in the outer segment membranes belong to 
the family of seven transmembrane G-protein coupled receptors. These seven 
transmembrane dom ains are hydrophobic a-helices that are arranged in the 
membrane and form a binding pocket in which the chromophore binds 
(Hargrave, 2001). Three types of opsin are present in humans; rhodopsin, 
photopsin and melanopsin.
Most opsin pigm ents contain 11-cis-retinaldehyde (llcRAL) as the light- 
absorbing chromophore. Absorption of a photon induces the isomeration of l i ­
d s  retinal to all-trans retinol (Hofmann, 1999). Before light sensitivity of the 
pigment can be restored, the all-trans- retinal m ust be chemically reisomerized 
to 11-ds retinal by a metabolic pathw ay called the visual cycle (Fig. 9). Most 
steps in this pathw ay take place within cells of the RPE adjacent to the 
photoreceptors. The isom eration of all-trans to 11-cis is catalysed by an enzyme 
activity called isom erohydrolase (IMH) (Rattner et al., 2000).
RPE65 is a retinal pigm ent epithelial membrane receptor which is abundantly 
expressed in retinal pigm ent epithelium  expressed in retinal pigment 
epithelium (Redmond et al., 1998; Znoiko et al., 2002; Gollapalli et al., 2003). 
Recent studies show ed the im portance of RPE65 in extracting insoluble atRAL 
from the membrane, and presents them to IMH (Gollapalli and Rando, 2004; 
Mata et al., 2004).
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Figure 9. Diagram of the visual cycle. Absorption of light by rhodopsin (Rh) 
changes the conformation of 11-cis retinal to all-trans-retinal and activates 
rhodopsin (Rh*). All-trans-retinol is then transported to the RPE where it is 
reisomerized into 11-cis-retinal. Then 11-cis retinal is transported back to the 
photoreceptor via an interphotoreceptor matrix-binding protein (IRBP).
Adapted from Marmor and Wolfensberger 1998.
1.7 RPE development
The RPE is neuroectodermal in origin, it is derived from the outer layer of the 
optic cup and is continuous with the anterior pigment of the ciliary body 
(Mann, 1964). RPE cells are generated in a peripheral band which moves 
outward as cells leave the cell cycle in more central location (Fleming 1996) and 
complete their last cell division earlier than the overlying layers of the neural 
retina. Genesis of the RPE has not been extensively investigated in different 
spacies and only one study showed that RPE genesis in primates begins at E27. 
Approximately 5% of RPE cells were generated by E33, and 50% by E71. After 
E85, RPE cytogenesis begins gradually to decrease, and 95% of the cells have 
been generated by the time of birth (Rapaport et al., 1995).
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Melanin production within the eye always occurs first in the RPE, and pigm ent 
granules are usually observed between twenty-seven to thirty days of foetal 
development in humans. Production then ceases within a few weeks, as the 
cells attain their full complement of granules (Mann, 1964). The resultant 
granules m ature during the first few years of life and in doing so undergo a 
number of morphological changes (Feeney, 1978). In foetal and postnatal eyes, 
the entire RPE gradually increases in area due to the increasing size of the eye 
(Hogan, 1971). This occurs in a disproportionate m anner owing to the eye's 
nonuniform enlargement.
Early in development, the RPE cells undergo a rapid phase of mitosis that is 
completed prior to the differentiation of the photoreceptors (Mann, 1964). After 
maturation, the RPE cells are generally considered to be mitotically inactive, 
although a previous study has noted the presence of two mitotic RPE cells in 
the adult rat retina (Ts’o and Friedman, 1967). Several studies have shown that 
the adult mammalian RPE retains the capacity to proliferate under certain 
conditions, for example in response to injury from intense light exposure 
(Marshall and Mellerio, 1971; W allow and Tso, 1973), after cryotherapy (Laqua 
and Machemer, 1976), or after retinal detachment (Machemer and Laqua, 1975).
In development, the RPE lies adjacent to the retinal ventricular zone (VZ), the 
outermost layer of the neural retina where progenitor cells undergo repeated 
cycles of cell division to generate all the neurons and glia of the adult structure. 
A number of observations suggest that the RPE is required for the normal 
development of the eye. First, early ablation of the RPE cells leads to 
disorganization of the neural retina, the arrest of eye growth and ultimately re­
absorption of the eye. Ablation of RPE cells at a later time results in disruption 
of the lam inar structure of the neural retina, failure of the vitreous
accumulation and adults that are anophthalmic or microphthalmic (Raymond
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and Jackson, 1995). Second, studies of albino mammals show that when the RPE 
lacks pigmentation the neural retina shows developmental defects, including 
increased cell proliferation and subsequent cell death, a reduction in the rod 
photoreceptor population and an underdeveloped central retina (Ilia and 
Jeffery, 1996,, 2000). Thus, the RPE plays a pivotal role in the regulation of cell 
numbers in the developing neural retina.
1.8 Age-related changes in the retina
Aging has been defined as "the progressive accumulation of changes with time 
that are associated w ith or responsible for the ever-increasing susceptibility to 
disease and death which accompanies advancing age7 (Harman, 1981). Age- 
related degeneration of the retina is among the most prevalent and feared 
complications of aging.
Neuronal cell loss is one of the characteristics of aging in humans. Rods appear 
to be more affected by aging than cones (Curcio et al, 1993). Approximately 
15% of all rods are lost betw een the second and fourth decades and one-third 
by the ninth decade (Gao and Hollyfield, 1992; Curcio et al., 1993). On the other 
hand, cone loss usually occurs as a consequence of rod loss, where 6% of cones 
are lost by forth decay and 23% by ninth decay (Curcio et al, 2000). Aging is 
also associated with cellular alteration of macular photoreceptors due to 
exposure to light, including ultraviolet light. This results in damage and 
accumulation of m itochondrial DNA which induces apoptosis and may play a 
role in photoreceptor death (Barron et al., 2001).
The num ber of ganglion cells in the fovea and peripheral retina decreases 
during aging (Gao and Hollyfield, 1992; Curcio et al., 1993). Inter-neurons 
between photoreceptor and ganglion cells are also subjected to age-related cell
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loss (Alamouti and Funk, 2003). Another feature of aging is changes in 
astrocytes, which display higher levels of glial fibrillary acidic protein and more 
cytoplasmic organelles (Prada et al,  1991).
The accumulation of lipofuscin in the RPE is one of the major markers of aging 
in the retina. Lipofuscin is a by-product of phagocytosis of the photoreceptor 
outer segments. It progressively builds up in RPE cells during the first decade 
of life and continues throughout life (Feeney-Bums et al, 1984a; Kliffen et al,  
1997; Mata et al,  2000). After phagocytosis, they are degraded by up  to forty 
enzymes (Shamsi and Boulton, 2001) of the comprehensive lysosomal system 
present within the cells of the RPE. However, despite this extensive lysosomal 
system, undegradable material still accumulates within the lysosomes to form 
lipofuscin granules. The age-related accumulation of lipofuscin granules is 
believed to be dam aging to RPE cell function. Studies have shown that 
lipofuscin is a photoinducible generator of many reactive oxygen species, such 
as hydrogen peroxide, singlet oxygen and superoxide anion (Sparrow and 
Boulton, 2005). This causes the inactivation of lysosomes which leads to a build 
up of nondegradable material and cellular congestion (Shamsi and Boulton, 
2001) and ultimately causes cellular dysfunction. It also results in the inhibition 
of antioxidant enzymes, extragranular lipid peroxidation, cytoplasmic 
vacuolation and m em brane blebbing (Sparrow and Boulton, 2005).
In contrast to lipofuscin, RPE melanin in hum ans decreases with age (Sama et
al., 2003; Sparrow and Boulton, 2005). RPE produces melanin only during the
early stage of its embryonic development. Topographically melanin density
shows a slight decrease from the peripheral retina to the posterior pole with an
increase in the macular region (Weiter et al., 1986a). This distribution is
maintained throughout life, but a significant decline in the total num ber of
granules is observed in all regions after the age of forty years (Feeney-Bums et
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al., 1984a). Melanin has an im portant role as a cellular antioxidant (Sama et ah, 
2003) and therefore an age-related decrease in melanin granules results in a 
decrease in cells' antioxidant potential, as well as an increase in the am ount of 
light entering the RPE.
Another marker of aging is drusen, which is a cellular deposit that accumulates 
between the retinal pigm ent epithelium and the choroids. The size num bers 
and/or degrees of confluence of drusen are associated with aging and are risk 
factors for the developm ent of age-related macular degeneration (Lewis et ah, 
1986; Pauleikhoff et ah, 1990b; Holz et ah, 1994). Although the pathogenesis of 
drusen has not been fully elucidated, various investigators have proposed that 
the accumulation of abnorm al m aterials between the outer retina and the 
choriocapillaris induces RPE and retinal damage by interfering with the 
exchange of nutrients and w aste products by inhibiting bulk fluid flow 
(Pauleikhoff et ah, 1990a).
Some therapeutic strategies for eye diseases, such as macular degeneration or 
retinitis pigmentosa, point tow ard replacement of the cellular elements lost due 
to pathology. However, this requires a better understanding of the 
topographical variation of the RPE. Further, it is im portant to define any 
capacity that it m ight have to proliferate under normal condition.
In amphibian, retinal neurogenesis dose not cease after the embryonic stage,
but continues throughout life. Here, new cells are added continually from the
cilliary margin zone to the retina and continue to grow through life (Straznicky
and Gaze, 1971; Johns, 1977). Interestingly, retinal detachment/removal in
amphibians results in RPE proliferation and its transdifferentiation into the
production of a new functional retina (Keefe, 1973; Klein et ah, 1990; Reh and
Pittack, 1995). This is associated with downregulation of genes normally
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expressed by the RPE such as RPE65 and Otx2 (Sakami et al, 2005; Chiba et al,  
2006). Recent studies have also shown that many common features exist 
between the developm ent and the regeneration of the retina in terms of the 
gene expression of different transcription factors (Kaneko et al, 1999; Kaneko et 
al, 2001; Goto et al, 2006).
In mammals, recent studies have found quiescent cells located in the pigm ented 
ciliary epithelium, which are capable of proliferating in vitro and express 
neuronal stem cell m arkers (Ahmad et al, 2000; Tropepe et al, 2001). Further, 
mammalian RPE cell are also capable of proliferating when the retina is 
detached (Anderson et al,  1981b; Fisher et al, 1991; Lewis et al,  2002). However, 
these proliferating cells commonly migrate through retinal breaks associated 
with the detachment to form pigm ented scar tissue within the vitreous (Hiscott 
et al, 1984; Hiscott et al,  1999). Although it is assumed that RPE cells can not 
proliferate under norm al condition To's & Friedman (1976) noted the presence 
of two mitotic figures in m ature albino rat RPE in fixed preparation. This may 
suggest that RPE cells have the capacity to proliferate under normal conditions. 
Hence, mammalian RPE cells may partially mirror amphibian RPE in some 
aspects however, this hypothesis has not been investigated.
Here I analyse the topographical variation of RPE cell size and the regularity of 
their distribution across the entire retina in hum an and rodent, using 
computational analysis of digital microscopic images (Dryden, Taylor & 
Faghihi, 1999). I also look at features associated with proliferation such as 
binucleation, and analyse the distribution of binucleated RPE cells and the 
association of these cell with drusen, which are age-related lipid-rich deposits 
found in hum an. If a cell has the capacity to binucleate, then it may also have 
the capacity to go though cytoplasmic division as well, which is a key pathway 
toward tissue repair.
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To investigate the capacity of m ature RPE cells to enter the cell cycle I im m une 
label rat flat-mounted retina w ith different cell-cycle markers (Ki67, PCNA, 
BrdU) in both pigm ented and albino animals and analysed the distribution of 
labelled cells. Further, as mammalian RPE cells proliferation occurs in response 
to retinal detachment, this operation was employed on rats and the patterns of 
gene expression in the RPE examined using quantitative real time-PCR.
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Chapter 2
Methods and materials
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2.1 M aterials and methods for human tissue
2.1.1 Tissue preparation
I obtained nineteen hum an eyes from the Eye Bank at Moorfields Eye Hospital, 
with Local Research Ethics Committee approval and appropriate consent under 
the Hum an Tissue Act 2004 for the use of all hum an specimens. The eyes (aged 
9-93 years) were received 24 to 50 hours post mortem with the corneas 
removed and fixed w ith 10% buffered formalin. Using a stereo microscope, the 
retina and the attached RPE and chorio capillar's were dissected from the 
sclera. The neural retina was then separated from the RPE-choroid complex and 
the latter tissue w hole-m ounted by placing a few radial cuts allowing it to be 
flattened. The tissue was then m ounted on a glass slide with glycerol with the 
RPE facing upwords.
2.1.2 Sampling methods
As the RPE flat-mount contained approximately 4-6 million RPE cells (Ts’o and 
Friedman, 1968), it was im portant to develop a sampling method to cover the 
maximum num ber of RPE cells. For that reason, I used three sampling methods 
in this study to justify the variation occurring across the entire retinal surface 
and to analyse large num bers of RPE cells. The first sampling method was 
undertaken on a m ature retina (45 years) where a continuous strip spanning the 
entire radius of a flat-m ounted retina was analysed and the size of 
approximately 3000 RPE cells (2.3.2a) was measured. With this sampling 
method it was possible to analyse variability in RPE cell size between the 
central and peripheral regions of the retina. In the second sampling method a 
comprehensive analysis of RPE cell size and matrix regularity was undertaken 
for the entire retinal surface. Here two retinae (aged 17 and 58 years) were 
analysed to verify the variation seen in the first sampling method and in each 
retina 20,000 RPE cells were analysed (2.3.2b).
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Based on the results of the first and second sampling m ethod a new  sampling 
method was developed to analyse the maximum num ber of eyes. Here three 
strips spanning the radius of six retinas were analysed and the size and matrix 
of regularity of 3500 cells were m easured in each retina. These strips were 
picked random ly and they radially trisected the retina in respect to the optic 
nerve (2.3.3c). Hence the total num ber of examined RPE cells in this study was 
approximately (lOxlO4 RPE cells).
2.12a Single RPE strip  analysis o f human RPE cell size  
To investigate any gross variations in RPE cell size across the retina, I examined 
an RPE flat mount from a 45-year-old donor. The RPE analysed was a single 
length of RPE which transected the entire radius of the sample. Here trance 
lucida images were undertaken for a continuous strip of approximately 20 mm 
length and 150 pm w idth using light microscopy and drawing tube. Figure 10 
shows an example of a trance lucida image of RPE cells representing a sampled 
area of the strip.
Figure 10. A sample of scanned images of RPE cells from a flat- 
mount of a 45- year old donor. The image shows the outline of 
RPE cells which were drawn using light microscopy with an 
attached drawing tube. Scale bar=20pm.
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Each image was then scanned into the computer and analysed for cell size 
using a program m e written with MatLab (Mathworks Inc., Mass, USA; see 
2.3.2d). For statistical analysis the retina was divided into two groups -  
peripheral (0-5mm) and central (5-20mm) -  and a T-test was undertaken.
2.1.2b Analysis o f RPE cell size and regularity from tw o  donors 
aged 17 and 58 years
Here a comprehensive topographical analysis of an entire retinal flat-mount 
was undertaken for tw o retinae, from subjects aged 17 and 58 years 
respectively. The retinal surface of the RPE specimens was captured as digital 
images by using epifluorescence microscopy (Olympus BX50F4, Olympus, 
Japan, 400 x magnification). Data was captured as 24-bit colour images at 3200 x 
2560 px resolution using a Nikon DXM1200 digital camera. A total of 500-600 
images were collected along transects from the fovea to the peripheral rim 
using a motorized microscopic stage (Prior, CS152, Cambridge, UK). In each 
image cells were analysed w ithin a box m easuring 150 pm 2 where each box 
contained approximately 60 cells. The size and matrix of regularity for each cell 
were measured using MatLab (2.1.3).
2.1.2c Analysis o f RPE cell size, m atrix of regularity, and 
binucleation in six human retinae
Six flat-mounted retinae (donor ages of 19, 21, 45, 55, 60 and 79 years) were 
radially trisected in relation to the optic nerve head (Fig. 11). The three strips of 
RPE were systematically m apped from the edge of the retina to the centre and 
then analysed for RPE cell size, regularity and binucleation. In each strip, 
twenty-five consecutive digital images were captured using 
light/epifluorescence microscopy (Olympus BX50F4, Olympus, Japan, 400 x 
magnification). Data was captured as 24-bit colour images at 3200 x 2560 px
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resolution using a Nikon DXM1200 digital camera. RPE cell size and matrix of 
regularity were measured using MatLab (2.1.3). The mean values for the three 
strips were then calculated for each retina. An ANOVA was conducted to 
evaluate the difference in RPE cells at each eccentricity. This was followed by 
Dunnett's multiple comparison tests to identify the statistical significant 
eccentricity.
Figure 11. Outline diagram showing the three strips analysed in each retina. 
Twenty-five consecutive digital images were taken along each strip and 
analysed for RPE cell size and matrix of regularity. Eight camera lucida 
drawings were undertaken in each strip to count RPE cells which were 
binucleated. Here the first two images were taken close to ora serrata at 0.5 
and 1 mm eccentricity of it. The other images were taken at an equal 
eccentricity of 1.5 mm from each other to cover the entire retinal width. Scale 
bar = 2mm.
The number and location of binucleated cells was explored using the same 
sampling patterns. Here eight camera lucida drawings were undertaken in each 
strip, however, the first two images were in close proximity to the ora serrata 
and to each other. A further six images were then undertaken at 1.5 mm 
intervals (Fig. 12). The numbers of binucleated cells were counted in the eight 
images of each strip and calculated as a percentage. The mean values for the
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three strips were then calculated for each retina. An ANOVA was conducted to 
evaluate the difference in RPE cells at each eccentricity. This was followed by 
Dunnett's multiple comparison tests to identify the statistically significant 
eccentricity.
2.1.3 MatLab analysis
To measure RPE cell size and regularity the images were analysed using a 
programme written in MatLab (Mathworks Inc., Mass, USA). This calculated 
the cell size and the relative regularity index employed, which used a scaleless 
statistical algorithm (Appendix 1). For this the centre of the cells was recorded 
as an array of coordinates from which a lattice of triangles was constructed (Fig. 
12).
Figure 12. Triangulation pattern applied to the image of retina from a 58-year 
old donor. The digital image was acquired with light microscopy. The central 
points of the RPE cells were marked by a mouse click and then the lattice of 
triangles was constructed. MatLab programme was then used to calculate 
RPE cell diameter and regularity. Scale bar = 20pm.
This was undertaken within the boxed areas used above. The lengths of the 
triangles' sides were measured in pixels. This value was used to calculate the
47
relative irregularity index T, that is a coefficient of variation based on Delaunay 
triangulations, using the equation given below, where S is the size of the area of 
triangulation and m is the num ber of triangles (Dryden, Taylor & Faghihi, 
1999).
2.1.4 Neural retinal rim analysis
The human peripheral retina has a cone-rich retinal rim (Wenzel et al., 2001). 
The aim of this study was to m ap cone density against changes in peripheral 
RPE cell morphology. Four eye cups were dissociated and the neural retina was 
separated from the RPE/choroids layer (2.3.1). Both RPE/choroids and the 
corresponding neural retina were flat-mounted to be analysed. Consecutive 
digital images were acquired from RPE strip spinning the first 5 mm of 
peripheral RPE close to the ora serrata and the corresponding neural retina. 
These images were reconstructed as strips using Photoshop version CS2.
The neural retinal strip was analysed for the relative distribution of cones. Here 
images were m agnified using Photoshop and the relative location and 
distribution of cones were marked by a black dot in a different layer then 
merged with the original neural retinal image and matched to the 
corresponding RPE region. I did not attem pt quantitative analysis of cones 
since it is beyond the scope of this study.
2.1.5 Central and equatorial RPE cell analysis
The prepared RPE flat-mounted retinae (2.3.1) of twelve eyes aged 9, 21, 33, 37,
45, 53, 61, 70, 75, 78, 82, and 93 years were analysed for the topographical
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variations of central and equatorial RPE cells with age. Five digital images were 
obtained from the macular and equatorial regions for each retina and analysed 
for cell size and matrix of regularity using MatLab (2.1.3). The macular region 
was easily identified due to its darker appearance within the RPE layer. 
However, to ensure that the same region was being looked at in all the tissues, 
for both central and equatorial areas, the distance from the periphery to the 
sampled region was m easured in each eye. RPE cell density was determined by 
counting the num ber of RPE cells in a fixed box m easuring 130 x 130pm.
2.1.6 RPE analysis around drusen
The eyes were from donors aged 45, 58, 60 and 73 years and were received and 
fixed using 4% paraform aldehyde within 24^40 hours post mortem. I carried 
out the dissection of the eyes using a stereomicroscope aiming to detach and 
isolate the RPE cell layer from  the rest of the eye to produce flat RPE 
wholemounts. The RPE was then m ounted flat in glycerol, cover slipped and 
left to dry (2.1.1).
I examined the prepared RPE flat m ounts using a BX52 Olympus microscope, 
with an attached draw ing tube. Individual drusen were isolated from the 
equator of the slide-m ounted RPE and their coordinates were noted. The cells 
around drusen were draw n w ith the aid of the drawing tube at a magnification 
of X800. The defined image was then scanned, digitized, and recorded in the 
tagged image file format. The digitized images were then analysed using 
MatLab (2.1.3). Due to the large size of the images of the drusen and their 
surrounding RPE they were analysed in individual segments. The graphics 
system of MatLab presented the transcribed RPE cell boundaries in a window 
where a grid could then be superimposed to highlight 150pm2 areas of the 
image. Proximally increasing the distance from the druse, 150pm2 segmented
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transects could be analysed (Fig. 13) to produce a map of the circumferential 
influence of the druse upon surrounding RPE cells. The first transect, however, 
was designed to analyse a 30pm orbital around the entire druse. The 
programme allowed the druse to be excluded from the analysis. At each 
150pm2 increment in eccentricity from the druse, four areas were sampled from 
varied points that were roughly analogous to the cardinal compass points. 
Within each of the 150pm2 quadrants the RPE cell size and matrix of regularity 
were measured by MatLab.
Drusen
Figure 13. Concept map. Quadrants were analysed within 150pm concentric 
rings around the druse being analysed. The value for the >450pm ring 
represents the RPE’s control measurements. In the actual investigation the 
150pm rings began after 20pm, immediately surrounding the druse (Image 
created for project by Matthew Schneiders).
The RPE nuclei num ber was recorded for all the samples within the concentric 
rings around the drusen. In most instances, the nucleus appeared 
unambiguously as a circular region devoid of pigment. However, in about 1- 
5% of the cells, depending on the sample quality, the classification remained in 
doubt. In such cases, the cell's nucleation was documented as undetermined 
and excluded from the analysis.
50
Pigment density of RPE cells was also measured using departm ental utility 
programmes (Image Proplus™) at each eccentricity. The program m e allows 
measurements of pixel density of RPE cell images, which are then converted 
into arbitrary num bers and compared between different areas.
Control RPE cells
For every 150pm2 RPE quadrant analysed, an equivalent area was measured in 
a drusen-free zone within the same eye at the same longitude from the central 
region of the eye. This provided a method of comparing the impact of drusen 
against RPE from the same donor. The control areas were analysed for 
binucleation, regularity, pigm entation and RPE cell size using the same 
methods and techniques as the areas w ithin close proximity to the drusen.
2.2 M aterials and m ethods fo r  ra t tissue
2.2.1 Tissue preparation
All animal care was in accordance with institutional and Home Office (UK) 
regulations and the UK Animals (Scientific Procedures) Act 1986. The rats were 
terminally anaesthetized w ith carbon dioxide (CO2) gas and their eyes were 
immediately enucleated, by microdissection, fixed in 4% paraform aldehyde 
overnight. In the case of the animals collected at E18, the mother was terminally 
anaesthetized and the pups removed. The following day, the eyes were 
dissected using a stereo microscope. The anterior segment of the eye cup was 
removed, resulting in the release of the major non-retinal components of the eye 
and the vitreous hum our. This exposed the interior of the eye and perm itted the 
neural retina to be draw n away from the RPE-choroid and sclera complex.
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2.2.2 DAPI staining for morphological analysis:
As the attached choroids and sclera are too thick to allow transm itted light to be 
analysed, the tissue had to be stained with 4', 6-Diamidino-2-phenylindole 
dihydrochloride (DAPI). DAPI was added to the tissue at 1:2500 dilution in PBS 
for exactly one minute. The eye cups were then turned into whole-mounts by 
placing 4-5 radial cuts into the cup allowing it to be flattened. The eye cups 
were then m ounted with Victor Shield in order to prevent the tissue from 
drying and to help m aintain the fluorescence. A cover slip was placed on top of 
the tissue and the slide was sealed and left to dry.
2.2.3 Morphometric analysis o f ra t RPE cells
To investigate the topographical variation of RPE cells the flat-mounted retinae 
from a DA rat (age 6 months) were trisected radially into three analytical 
transects as in hum an tissue (Fig. 11). Consecutive digital images were taken 
(Fig. 14) along the three strips of the RPE using motorized microscopic stage 
and fluorescent microscopy (Olympus BX50F4, Olympus, Japan, 400 x 
magnification). Along these strips images were analysed within a box 
measuring 150 x 150 pm  and RPE cell size and matrix of regularity were 
measured using MatLab (2.1.3). The mean values for the three strips were then 
calculated for each retina. An ANOVA was conducted to evaluate the 
difference in RPE cells at each eccentricity which was followed by D unned's 
multiple comparison tests. Further in each box the num ber of cells which were 
binucleated and mononucleated were counted and calculated as percentages of 
total the number. The mean values for the three strips were then calculated for 
each retina. An ANOVA was conducted to evaluate the difference in RPE cell 
binucleation at each eccentricity. This was followed by Dunnett's multiple 
comparison test.
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Figure 14. Image of a retinal flat-mount showing DAPI labelling in RPE cells. As the 
RPE-choroid and sclera complex are too thick to allow transmitted light to be 
analysed, the tissue had to be stained with DAPI. The tissue was then analysed using 
fluorescent microscopy to aquire images. Scale=20pm
To explore the effect of age on central and equatorial rodent RPE cells, five rats 
aged 6 months along with five rats aged 21 months were analysed after they 
had been stained with DAPI, as above. Here five digital images were obtained 
from both the equatorial and macular regions and then analysed for RPE cell 
size and matrix of regularity using MatLab (2.1.3). The RPE cell density was 
determined by counting the num ber of cells in a box measuring 130 x 130pm. 
The results for RPE cell size, regularity and density from the five images were 
averaged for each area and a T-test was performed between the two age groups.
2.3 Statistics analysis:
Statistical tests were carried out using graphpad Prism (version 3). Analysis of 
variance ANOVA was used to test the significant variation in RPE cell size, 
matrix of regularity and binucleation from central to peripheral retina in 
human. When significant between areas was identified then post hoc Dunnett's 
t-test was undertaken. This test compared the tested sampled areas to a control 
area, which is the area closest to the optic disc. Whereas for rat RPE cell size 
analysis between central and peripheral retina ANOVA was followed by post
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hoc new-men keuls, which compare all sampled areas to each other and not to a 
control area.
2.4 Antibodies used
In this study I examined the RPE in rats and hum ans using three independent 
proliferative markers -  Ki67, PCNA and BrdU -  to assess the latent capacity of 
this tissue to proliferate. I also used three independent RPE cell markers -  
RPE65, CRALBP and Otx2 -  to confirm the identity of RPE cells (Table 1).
Several studies have show n that these proliferative markers label proliferative 
cells at different stages in the cell cycle (Brown and Gatter, 2002). Figure 15 
show that Ki67 can label proliferative cells through all stages of the cell cycle 
whereas PCNA and BrdU label cells mainly in the S-phase.
Ki-67
ferdUPCNA
Figure 15. Cell-cycle distribution for immunocytochemical staining of the 
three proliferative markers Ki67, PCNA and BrdU. The thickness of the line 
refers to the peak staining. Ki67 labels proliferative cells through all stages of 
the cell cycle whereas PCNA and BrdU label cells mainly in the S-phase
• Ki67
The prim ary structure of Ki67 has been established (Schluter et al., 1993). It is a
large protein of approximately 395 kDa, encoded for by almost 30,000 base pairs
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within the hum an genome. This protein undergoes phosphorylation and 
dephosphorylation during mitosis (Schluter et al., 1993).
Several groups have dem onstrated that the topographical distribution of the 
Ki67 antigen is cell-cycle dependent, in the G1 phase the Ki67 antigen is 
predominantly localized in the perinucleolar region. In the later phases of the 
cell cycle the antigen is also detected throughout the nuclear interior, being 
predominantly localized in the nuclear matrix (Braun et al., 1988; Guillaud et al., 
1989; Verheijen et al., 1989a). In mitosis, the Ki67 antigen is present on all 
chromosomes (Gerdes et al., 1983; Gerdes et al., 1984) and appears in a reticulate 
structure surrounding the m etaphase chromosomes (Verheijen et al., 1989a; 
Verheijen et al, 1989b). Because Ki67 im m unostaining rapidly decreases during 
anaphase and telophase, it has been concluded that the antigen is degraded 
with a biological half-life of the detectable antigen of less than one hour (Bruno 
and Darzynkiewicz, 1992).
In contrast to many other cell-cycle associated proteins, Ki67 is consistently 
absent in quiescent cells and is not detectable during DNA repair (Cabral et al., 
1990). Thus, the presence of Ki67 is strictly associated with the cell cycle and 
confined to the nucleus, suggesting an im portant role for this structure in the 
maintenance and/or regulation of the cell division cycle, a point that is 
confirmed by the finding that removal of Ki67 using antisense nucleotides 
prevents cell proliferation (Schluter et al., 1993).
• PCNA
Expression of proliferating cell nuclear antigen (PCNA) was originally
identified as an antigen expressed in the nuclei of cells during the DNA
synthesis phase of the cell cycle (Leonardi et al., 1992). PCNA is clamped to
DNA through the processes of DNA replication (Bowman et al., 2004) and it is
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important for both DNA synthesis and DNA repair (Essers et al, 2005). PCNA 
is elevated in the nucleus during the late G1 phase immediately before the onset 
of DNA synthesis, becoming maximal during the S-phase and declining during 
the G2 and M phases.
• BrdU
Bromodeoxyuridine or BrdU (5-bromo-2-deoxyuridine) is a synthetic 
nucleoside which is an analogue of thymidine and used in the detection of 
proliferating cells (Seki and Arai, 1995; Kuhn et al, 1996). BrdU can incorporate 
into the newly synthesized DNA of replicating cells during the S phase of the 
cell cycle, substituting for thym idine. Thus antibody-specific BrdU can be used 
to detect cells which are actively replicating their DNA. The BrdU technique for 
in vivo labelling of new  cells in the brain was first applied to developing 
animals (Miller and Nowakowski, 1988; Takahashi et al,  1992). The advantage 
of using BrdU over thym idine is that it could be visualized with 
immunocytochemical techniques. Furthermore, confocal microscopy can be 
used to show unequivocal double labelling with BrdU.
• RPE65
RPE65 is a protein predom inantly expressed in the retinal pigment epithelium 
and is a key element in norm al RPE function. It plays an im portant role in the 
visual cycle, in vitam in A metabolism and ia associated with retinol binding 
protein and 11-cis-retinol dehydrogenase (Redmond et al., 1998). RPE65 has 
been reported to associate w ith the membranes in the RPE, preferentially in the 
microsomal fraction (Bavik et al., 1991; Hamel et al., 1993). Mutations in the 
RPE65 gene are associated with autosomal recessive childhood-onset severe 
retinal dystrophy, Leber's congenital amaurosis (LCA), and some forms of 
retinitis pigmentosa (Marlhens et al., 1997). The homozygous RPE65 knockout
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mouse has shown photoreceptor degeneration and diminished rod response in 
ERG (Redmond et al, 1998).
• CRALBP
Cellular retinaldehyde-binding protein (CRALBP) is a water soluble protein 
found only in the retina and pineal (Saari, 1982). It plays an im portant role in 
the regeneration of 11-cis-retinal for use in rod visual pigments. Once 11-cis- 
retinal is photoisomerized in the rod 's outer segment, it is converted to all- 
trans-retinal and further m odified into all-trans-retinol. All-trans-retinol then 
diffuses into the RPE to be converted back to 11-cis-retinol and further oxidized 
into 11-cis-retinal with the help of CRALBP (Saari and Bredberg, 1990; Saari et 
al, 1994; Saari et al, 1998). Genetic mutations, resulting in CRALBP's lack of 
function have been linked to visual disease such as bothnia dystrophy, retinitis 
punctata albescens and retina pigmentosa. The presence of CRALBP serves as a 
marker for RPE and M uller glial cells (Saari et al., 2001; Thompson and Gal, 
2003).
• Otx2
Otx2 is a homeodomain-containing transcription factor that has an essential role 
in anterior head formation (Simeone et al,  1992; Simeone et al, 1993). In the 
vertebrate eye, Otx genes are initially expressed in the entire optic vesicle but 
their expression soon becomes restricted to the presumptive RPE during optic 
cup formation, where it is m aintained throughout adulthood (Simeone et al., 
1993; Bovolenta et al,  1997; Martinez-Morales et al, 2004). Mice deficient in Otx2 
show clear defects in the patterning of the RPE, which is replaced by a neural 
retina-like territory (Martinez-Morales et al, 2001).
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Table 1. Antibody used in labelling RPE cells
Antibody Raised in Localization Supplier Refferance
Ki67 rabbit nucleus Novocaster (Scholzen and 
Gerdes, 2000)
PCNA rabbit nucleus Abeam (Jang et al,  
2005)
RPE65 mouse cytoplasmic Chemicon (Nicoletti et al, 
1995)
Otx2 rabbit nucleus Chemicon (Vemay et al,  
2005)
CRALBP mouse cytoplasmic Affinity
BioReagents
(Nawrot et al,  
2004)
2.5 Tissue staining 
• Ki67 and PCNA staining
The rat eye cups containing the RPE were washed four times in phosphate 
buffer saline (PBS 0.1 M pH  7.4), then blocked with a 5% normal donkey serum 
in 3% Triton X-100 in PBS for 2 hours. Primary antibody incubation was carried 
out over night at room tem perature at either 1:2000 (Ki67) or 1:500 (PCNA) or 
1:1000 (Otx, Chemicon, rabbit polychlonal antibody) dilutions in 3% Triton x- 
100 in PBS.
Primary analysis was undertaken on tissue stained with Ki67 (Novocaster, 
Newcastle, UK, rabbit polyclonal antibody). PCNA (abeam, UK, rabbit 
polyclonal antibody) was used in a confirmatory role, as Ki67 labels cells at all 
stages of the cell cycle. In most of the albinos and approximately half of the DA 
rats a second primary monoclonal antibody, RPE65 (Chemicon, Hampshire,
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UK, Mouse anti-RPE65, 1:500 dilution) or CRALBP (Affinity BioReagents, 
Cambrige, UK, Mouse anti-CRALBP, 1:500 dilution) was used to clearly 
identify RPE cells. W ithout such staining albino RPE is difficult to image. 
Following four washes in PBS the eye cup was incubated in the secondary 
antibody (TRITC donkey anti-mouse, and FITC donkey anti-rabbit, Jackson 
ImmunoResearch laboratories, West Grove, PA, USA) prepared at 1:200 
dilution in 0.3% Triton for 2 hours.
DAPI was added to the tissue after the secondary antibody (1:2500 dilution) in 
PBS for one minute to label the nuclei of cells. The eye cups were then washed 
extensively in Tris buffer (0.05 M pH  7.4), m ounted flat RPE up  with vector 
shield as a mounting m edium , and examined using fluorescent microscopy. 
The number of rats analysed is show n in Table 1. The same protocol of labelling 
was used for the RPE sheet taken from hum an tissue, however, here only Ki67 
was used and not RPE65.
Table 2.
Analysis Pigm ented rats Albino rats Ki67
N um ber Age Number Age labelling
Pigmented & 5 P60 5 P60 +
albino comparison
Affect of age on 5 P60 5 P60 +
proliferation 5 P360 5 P360 +
Developmental 5 E18 5 P10 +
analysis 5 P0 5 P20 +
5 P5 5 P45 +
5 P10 5 P60 +
5 P15 +
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P20
P25
P40
P60
P150
• BrdU staining
Six postnatal 25 day-old DA rats were given an intraperitoneal injection of 
BrdU (50pg/kg in 0.007 NaOH/PBS) each day for 20 days and then sacrificed 
one month later after the last dose of BrdU. The animals were terminally 
anaesthetized with carbon dioxide and the eye cups were fixed in 4% 
paraformaldehyde for 30 minutes. From each of the six rats one eye was 
labelled with BrdU and the other one was double-labelled for BrdU and Ki67 or 
for BrdU and Otx. The eyes which were double-labelled were first incubated 
overnight with either Ki67 as above or Otx 1:1000 dilutions in 3% Triton x-100 
in PBS. The tissue was then incubated in the secondary antibody and fixed in 
4% paraformaldehyde for 10 minutes.
Antigen retrieval was the first step in BrdU labelling; this was undertaken by 
placing the tissue in 6M hydrochloric acid in 1% Triton for 30 minutes. Before 
incubating in BrdU the tissue was washed extensively with PBS to equilibrate 
the tissue to a normal pH. The tissue was then blocked with normal donkey 
serum for 2 hours. BrdU (1:5 dilutions in 3% Triton x-100 in PBS) incubation 
was carried out overnight at room temperature. Following four washes in PBS, 
the tissue was incubated in the secondary antibody (TRITC donkey anti-mouse, 
Jackson ImmunoResearch laboratories, West Grove, PA, USA) prepared at 1:100 
dilution in 0.3% Triton for 2 hours. The tissue was then washed once with PBS
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and extensively with Tris buffer, mounted flat, RPE up with a vector shield, and 
examined under a fluorescent microscope.
2.6 BrdU Analysis
The number and distribution of Ki67 and BrdU positive cells were mapped in 
the RPE flat mounts of both pigmentation phenotypes by marking the position 
of each cell on a composite map (created using Adobe Photoshop CS version 8) 
at 400x magnification. RPE65 is a tissue-specific marker normally expressed in 
all RPE cells and was used to confirm the identity of RPE cells in both 
pigmented phenotypes. I analysed the distribution of BrdU positive cells in 
relation to the distribution of Ki67 positive cells. Here the retina was divided 
into two zones; a proliferative zone, which contains all Ki67 labelled cells, and a 
non-proliferative zone, which is central to the proliferative zone (Fig. 16).
Proliferative zone
Non-proliferative 
zone
Figure 16. Outline diagram of the retina showing the proliferative and non­
proliferative zone. The diagram shows the distribution of positive binucleated 
(black dots) and mononucleated (black circle) BrdU cells. The red dots 
represent the relative distribution and density of Ki67-positive RPE cells. The 
proliferative zone extends from the ora serrata to the nearest Ki67 labelled 
RPE cell (red dots) from the optic nerve and the non-proliferative zone is the
zone central to the proliferative zone. Scale bar = 2mm
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The prim ary aim of using the hum an tissue was to see if Ki67 cells are 
detectable in the RPE. Because of the limitation in receiving hum an donors 
within 24 hours post mortem, no attem pt was made to conduct a complete 
analysis of Ki67 distribution on hum an RPE cells.
Many mature rodent RPE cells are binucleated (Stroeva & Mitashov, 1983). To 
determine the relative distributions of these cells, three strips of RPE were 
analysed from five pigm ented and five albino rats age 60 days. The flat- 
mounted retinae were radially trisected in relation to the optic nerve head
(2.3.2). In each transect, three digital images (150 x 150pm) were acquired from 
the central, equatorial and peripheral areas. The num ber of binucleated and 
mononucleated RPE cells were noted in each image and calculated as a 
percentage of the total num ber of RPE cells in that image. Cells w ith more than 
two nuclei were rarely encountered and were not recorded for the purpose of 
this study. The mean values for the three strips were then calculated for each 
retina.
One-way analysis of variance was used to analyse the statistical significance of 
Ki67 labelling between pigm ented and albino rats and was followed by post- 
hoc Newman-Keuls m ultiple comparison test when appropriate. The same 
statistical tests were used to analyse the level of Ki67-labelled cells over 
development in both pigm entaion phenotypes.
2.7 L-DOPA affect on the cell cycle
L-DOPA regulates retinal neurogenesis by restricting levels of neural cell 
proliferation in the developing retina (Tibber et al, 2006). To determine the 
effect of exogenous application of L-DOPA on the proliferative capacity of the 
RPE, four pigm ented and four albino (P60) rats received a single intraperitoneal
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injection of L-DOPA, at a concentration of 15pg/g of body weight. The animals 
were then sacrificed in the morning, 18 hours post injection. The eye cups were 
then processed with Ki67 antibody as in (4.3.3). The number of Ki67-positive 
cells were counted across the whole retina and compared to age-matched 
retinae from both pigm ented and albino rats that had not received an L-DOPA 
injection.
2.8 The adaptive sta te  o f  the retina
To determine whether the light/dark adaptation of the animals influenced the 
latent capacity of RPE cells to enter the cell cycle, I used animals in the different 
adaptive states. Twenty postnatal 60-day-old pigmented rats were divided into 
four groups: the first group was light-adapted for 27 hours; the second and 
third groups were dark-adapted for 17 and 40 hours, consecutively; and the last 
group was subjected to a norm al light/dark cycle. All adaptation times were 
planned so that the animals could be sacrificed at 10 a.m. to control for any 
effect of endogenous circadian rhythms. All retinae were processed for Ki67
(4.3.3) and the number of Ki67-positive cells were counted.
2.9 Retinal detachment
Forty DA rats were used for retinal detachment. They were all six-weeks-old 
(P45) females with an average weight of 180 grams. These animals were 
anaesthetized by a 0.2ml intraperitoneal injection of Ropun (Xylezine, 2 mg/kg) 
and Ketaset (Ketamine, 25 mg/kg). The pupils were dilated using Tropicamide 
and a lubricant gel was applied to each eye. A cover slip was placed over the 
gel allowing the retina to be viewed directly through a binocular operating 
microscope with a coaxial light source. Retinal detachment was achieved by 
injecting 2pi of phosphate-buffered saline (PBS) between the neural retina and 
RPE surface using a 34 gauge needle. The injection was in a superior position
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for most of the study but, to assess the effect of larger retinal detachments, a 
superior and inferior injection of 2 pi (PBS) was undertaken. The rats were then 
revived by intraperitoneal injection of Antiseden (0.05ml).
The rats were killed in a carbon dioxide gas chamber at 1, 2, 4, 7, 12, 18, 22, 24 
and 36 hours after retinal detachment. The detachments were made in 4 
sessions and the animals were assigned randomly for each time point of the 
analysis to control for any variation in the size of detachment. The eye cups 
were fixed overnight with 4% paraformaldehyde. The anterior segment was 
dissected out with the vitreous leaving the eye cup with the neural retina and 
RPE exposed. An image of the whole cup was obtained from 5 animals from 
different sessions to measure approximately the width of the detachment, 
which was on average 1.5 ± 0.2 mm (Fig. 17). The neural retina was then 
removed and the eye cups were processesed for Ki67 staining as described in 
chapter 3.
Figure 17. Image of an eye cup with a superior retinal detachment as 
indicated by the arrow. The width of the detachment (between the two red 
dots) was measured for 5 eyes from different sessions to assess the 
reproducibility of detachment area as a control for the size of retinal 
detachment.
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2.10 Retinal detachment analysis
The eye cups were whole mounted by making five radial cuts, dividing the 
retina into five approximately equal size quadrants. Each quadrant was 
subdivided into small square boxes using a (430pm x 430pm) sized grid (Fig. 
18) and the num ber of Ki67 labelled cells in each box were counted. The relative 
number and distribution of Ki67 positive were then plotted on an out line 
diagram of each retina.
Figure 18. Diagram of flat mounted RPE, illustrating the method of analysis 
post retinal detachment. The RPE was divided into Central, Equatorial and 
Peripheral regions using the distance between the optic disc and the iris. On 
flat mounting the RPE was divided into five quadrants. A 430pm x 430pm 
grid was used to record the position of Ki67 cells within a quadrant.
To analyse the contribution of RPE cells to cells entering the cell cycle to the 
monolayer RPE sheet, five DA rats were analysed for RPE cell density, size and 
regularity apart from and close to retinal detachment. Six areas measuring 150 
X 150 pm were analysed in each retina, of which three areas were associated 
with retinal detachm ent and three were away from it. The num ber of RPE cells 
was counted in each of the 150 XI50 pm boxes and the result from the three 
boxes was averaged for each animal.
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Finally the relationship between the size of retinal detachment and the num ber 
of proliferative cells was analysed. Here five animals were subjected to superior 
and inferior retinal detachment in both eyes. These eyes were then stained with 
Ki67 and the num ber and distribution of positive cell were m apped as above.
2.11 Gene expression m ethods
Sixty DA rats were used here to analyse the expression level of different 
progenitor and stem cell gene markers. The rats were divided into 3 groups, 
each group consisting of 20 rats of which 10 were used as control and 10 had 
retinal detachment. They were killed 18, 24 or 48 hours after retinal detachment 
using a CO2 gas chamber. The eyes were preserved immediately after 
enoculation in RNAlater solution (Ambion Inc. Austin, TX) for 30 minutes. The 
RNA extraction and first strand cDNA synthesis was undertaken at the same 
time for each group.
2.11.1 Total RNA extraction
RNA was extracted from tissue preserved in RNAlater solution. The anterior 
segment, vitreous, and retina were removed leaving the eye cup with the RPE 
exposed. The RPE was brushed away from the choroids and a total RNA was 
extracted from approximately 50mg of tissue using a RNAaqueous-Micro kit 
according to the m anufacturer's instructions (Ambion Inc. Austin, TX). The 
RNA was suspended in 20 pi of molecular grade Rnase-free water and the 
concentration of RNA extracted was m easured by spectrophotometry.
2.11.2 Estim ating concentration and purity o f RNA
The concentration of RNA was measured using an Eppendorf Biophotometer. 
The machine was first calibrated by measuring the absorbance of pure 
molecular grade water. The RNA sample was diluted 3 pi in 50 pi of molecular
66
grade water, mixed thoroughly, and pipetted into a cuvette, and the absorbance 
at 260nm and 280nm measured, the concentration and purity were calculated 
by the Biophotometer.
OD of sample at 260nm X Total Volumefpl) X Conversion Factor (40mg/mh =[RNA pg/ml] 
Sample volume (pi)
The absorbance spectra of nucleic acids has a specific shape, they absorb 
relatively little light at 280m. The purity  of the RNA or DNA can be assessed by 
the ratio OD26o:OD28o. Pure RNA ~1.9-2.0 (Sambrook and Russell, 2000).
2.11.3 First strand cDNA syntheses
Prior to cDNA synthesis, the RNA samples were treated with Dnase to remove 
genomic DNA contamination. A DNase I kit (Sigma-Aldrich Inc.) was used; 1 
pi of RNA was mixed with 2 pi of Dnase I and with the supplied buffer in a 
volume of 10 pi. This was incubated at 37 °C for 30 minutes after which 1 pi of 
stop reagent was added, and incubated at 70 °C for 10 minutes then chilled on 
ice. The first strand cDNA synthesis was carried out with the MMLV- reverse 
transcriprase kit following the m anufacturer's guidelines (Ambion Inc.). 
Reverse transcription was carried out w ith random  decamers to transcribe any 
RNA, 2 pi of primer was added to the treated RNA, and this was incubated for 
2 minutes at 80 °C and was then chilled on ice. A reverse transcriptase master 
mix was made containing 2 pi RT buffer, 4pl dNTPs, lp l  Rnase inhibitor, and 1 
pi reverse transcriptase, 10 pi of this was added to the RNA and primer mix. 
The reverse transcription was carried out for 1 hour at 42 °C with a final 
incubation at 92 °C for 10 m inutes to terminate the reaction.
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2.11.4 Primer design
Most primers used (Table 3) were designed using Primer 3 
(http://frodo.wi.mit.edu/) w ith the following specifications (based on the AB 
technical bulletin and Bustin, 2000):
1- 20-30 bp long
2- G/C content between 20 and 70 %
3- Melting tem peratures of between 58 and 60 °C
4- The difference between prim er pair melting temperatures to be only 1-2 
°C
5- Produce a 100-400bp product with Tm below 92-95 °C
6- If possible to have only 1-2 G/Cs in the last five nucleotides of the 3' end 
(reducing non-specific priming)
7- If possible the product should also span an intron to prevent 
amplification of genomic DNA.
A BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/) was carried out on the 
primers to check they were specific only to the target sequence. All primers 
were synthesized by Sigma Genosys (The Woodlands, TX).
Table 3 Primers used for quantitative real-time PCR1
Target
transcript
Accession
number
Primer 5' to 3'
Recording 
temp. (°C)
Product
Size
(bp)
H prl
NM
012583
Forward-TGACACTGGTAAAACAATGCA
Reverse-GGTCCTTTTCACCAGCAAGCT
76.5 93
M ertk
NM
022943
Forward-
AAGCAGCCTGAGAGCGTGAATG
Reverse-TGGGGAAGGGATGACTTTGATG
80.3 227
Tbp
NM
001004198
Forward-TGGGCTTCCCAGCTAAGTTC
Reverse-
79.3 138
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GGAAATAATTCTGGCTCATAGCTACTG
Thyl
NM
10666
Forward-
GTCGCTCTCCTGCTCTCAGTCTTG
Reverse-TCATCCTTGGTGAAGTTGGC
82.5 283
Rhodopsin
NM
053688
Forward-
ATCGGCAGAAGGGGCAAAGTAG
Reverse-
GCAACGCAGACTTCTCATCTTCAAG
82 174
melanopsin
NM
138860
Forward- GCTCTTCGGGGAGACAGGTT 
Reverse- AAAGAAAGGCGGCAGACTCC
82.7 213
Nestin
NM
012987
F orward-CCCTGG AGCAGG AG A AGC A A 
Reverse-GCTTCAGCTTGGGGTCCAGA
80.5 200
Otx2
XM
224009
Forward-ACCGCCTTACGCAGTCAATG
Reverse-
CACTCTCTGAACTCACTTCCCGAG
81.5 355
Pax6
NM
013001
Forward-AGTTCTTCGCAACCTGGCTA 
Reverse- TTGAGCCTCATCCGAGTCTT
80 228
Dcx
NM
053379
Forward- TCGTAGTTTTGATGCATTGC 
Reverse- GCTTTCCCCTTCTTCCAGTT
77 141
Sox2
XM
574919
Forward-GTGAACCAGCGCATGGACAG
Reverse-TCTGCGAGCTGGTCATGGAG
84.5 188
Ki67
NM
002417
Forward-
TGCTCCAGGTGAAAAGAAAAGTCC
Reverse-
TTCAGGTCTTAGATGACCCCAAA
78.3 198
PCNA
NM
022381
Forward-
CGTCTCACGTCTCCTTAGTGCAG 
Reverse- GGACATGCTGGTGAGGTTCAC
80.5 103
RPE65
NM
053562
Forward- ATGGTGCCACTGCTCATCCA 
Reverse- TGGCTTGAACCGATCACTGC
76.5 177
Six3
NM
023990
Forward-
AGCAAGAAACGAGAACTGGCG
Reverse-
GAGGTTACCGAGAGGATAGAAGTGC
88 274
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XM Forward- TCCCAACCCCAGCAAAAAGC
Six6 001077640 Reverse- 86 271
AACAGGTCAGATGTCGCACTCG
2.11.5 Polymerase chain reaction
Polymerase chain reaction (PCR) was carried out to amplify fragments of DNA 
and to test the primers. PCRs were generally carried out in total reaction 
volumes of 50 or 25 pi. PCR m aster mixes generally consisted of 200-500pM of 
each dNTP, 200-500nM of each forw ard and reverse primer, and 0.01-0.05 units 
of BioTaq DNA polymerase (Bioline Ltd), 1-5 pi of template (cDNA, genomic 
DNA or diluted PCR products) was generally added to the aliquoted master 
mix. One 'no template control' in which molecular biology grade water was 
substituted for a sample was run  in parallel to samples to check reagents for 
contamination. Thermal cycling was carried out on an Eppendorf Mastercycler 
gradient. The cycling conditions consisted of 3 minutes at 94 °C initial 
denaturation, followed by 35^40 cycles of 15 seconds at 94 °C denaturation, 30 
seconds at optimum prim er annealing tem perature (usually between 50 and 68 
°C), and 30 seconds at 72 °C for prim er extension, all followed by 5 minutes at 
72 °C for final primer extension.
2.11.6 Gel electrophoresis
PCR products and other DNA products were separated and visualized by
agarose gel electrophoresis. Gels were prepared of 1.0-2.0% (w / v) agarose in
lxTAE (Tis/Acetic Acid/EDTA buffer 50x, BIO-RAD). The agarose was
dissolved in the TAE by heating. After this had cooled to approximately 50 °C,
ethidium brom ide (0.5 pg/ ml) was added. The gel was poured into a sealed gel
tray and a comb inserted to make loading wells. The gel was allowed to cool
and solidify on the bench top. Gels of 1.0% were used to resolve DNA
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fragments, or to separate products prior to purification. Depending on well 
size, 10-20 pi of PCR product would be loaded into the gel. Prior to loading, lp l 
orange loading dye (Promega, Madison, USA) was mixed with the samples. A 
lOObp or lkb ladder (New England Biolabs Inc.) was also loaded on the gel for 
reference. The gel was then submersed in IX TAE in a gel tank and 
electrophoresed to the desired separation at 60-90 V. The gel was then removed 
and DNA viewed on a UV transilluminator in a gel documentation system. A 
digital photo was taken of the gel and saved as a tif file (Fig. 19).
Figure 19 Agrose gel electrophoresis. Ten microns of PCR product of Nestin, Pax6 
and Sox2 was loaded in to each well. A 'no template control' sample was run in 
parallel to samples to check reagents for contamination.
2.11.7 DNA gel extraction
The gel was viewed on a UV transilluminator; products of interest were excised 
using a sterile scalpel blade. If the band was bright then it was excised and 
purified using the (Qiagen Ltd. Crawley, UK) following the manufacturer's 
guidelines for gel extraction. The DNA was finally eluted in buffer EB (lOmM 
Tris-CL, pH8.5) supplied in the kit.
2.11.8 Sample sequencing
Sequencing was carried out on ABI automated sequencers using the Big DYE 
terminator Kit from Applied Biosystems (Foster City, CA). Two mixes were
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prepared, first was the product-prim er mix, consist of 11.5 pi of PCR product 
with 0.5 pi of a primer known to bind to the PCR product in a total volume of 
12 pi. The second was a sequencing mix which consists of 4 pi Big Dye, 2 pi BD 
buffer, 8 pi of water and 6pi of the first mix. Thermal cycling was carried out on 
a Techne Progene thermocycler. The cycling conditions consisted of 3 minutes 
at 95 °C initial denaturation, followed by 35 cycles of 10 seconds at 96 °C 
denaturation, 10 seconds at optim um  prim er annealing temperature of 50 °C 
followed by 4 minutes at 60 °C for prim er extension. The reaction was then held 
at 10 °C overnight. A m ixture of 0.5 pi of (0.5 M) EDTA, 2 pi of (3M, pH5) 
NaOAc and 50 pi Benzene free (96%) EtOH was then added to the sequencing 
reaction to precipitate and incubated at room temperature for 15 minutes. The 
mixture was then centrifuged at 13,000g for 30 minutes at 4 °C and the 
supernatant was removed, then 70 pi EtOH was added to the pellet and 
centrifuged at 13,000g for 15 minutes. The alcohol was removed and the pallet 
was left to dry, then 12 pi Hi Di Formamide was added to the pallet just before 
loading to the sequencers. The result was viewed using Chromas 2.
2.11.9 Q uantitative R eal-tim e PCR  
Description o f the assay
Quantitative real-time PCR (QRT-PCR) using fluorescent DNA binding dyes 
allows visualization of PCR product accumulation throughout the PCR. A 
sample containing higher concentrations of target sequence will accumulate 
PCR product at earlier cycles than a sample with a low concentration. The 
resulting amplification plots can be used to calculate either the absolute copy 
number of target sequences in the sample, or measure the proportional change 
in expression of the target gene relative to the control condition. In the studies 
presented here, real-time quantitative PCR was used to assess relative changes 
in gene expression.
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Real-time PCR was conducted using power Sybr® I green dye (Biosystem). This 
dye specifically binds to double-strand DNA, following each cycle of PCR as 
DNA content increases, the fluorescence intensity increases proportionally. The 
QRT-PCRs were carried out on an ABI PRISM™ 7700 Sequence Detection 
system (Applied Biosystems). This system comprises a built-in thermocycler 
with 96 well positions, an argon ion continuous wave laser, and a spectrograph 
with a charge-coupled device (CCD) camera. During the PCR laser light is 
distributed among the 96 wells by fibre optics, the resulting fluorescent 
emission from the samples is returned via the fibre optics to the spectrograph 
and CCD camera, and fluorescence between 500 and 660nm is detected. A 
computer running Sequence Detector software (SDS), version 2.2 (Applied 
Biosystems), controls the system and converts the raw fluorescent data output 
into an analysable form.
Primers were tested in a PCR using the Power Sybr® Green PCR Master Mix 
(Applied Biosystems), the same reagent to be used in the final quantitative real­
time PCR run. This m aster mix contains ready-mixed Sybr Green I dye, 
AmpliTaq Gold® DNA polym erase (this enzyme is hot-start activated, helping 
to minimize non-specific product formation), optimized buffer and PCR 
components and a passive reference dye (ROX), all that needs to be added for a 
successful PCR are forw ard and reverse primers and the target sequence.
Each standard test PCR was set up in a total volume of 50pi, this contained 25pi
of Sybr® Green PCR M aster Mix, forward and reverse primers each at a final
concentration of 500nM and lp l  cDNA. A no-template control containing
molecular grade w ater in place of the cDNA was also included. The
thermocycling conditions were slightly different from a standard PCR, they
were carried out on a Techne Progene thermocycler, using the following
parameters: 95 °C for 10 minutes to activate the DNA polymerase, then 40
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cycles of 95 °C for 15 seconds, and 60 °C for 60 seconds for both primer 
annealing and product extension.
The 25pl sample was pipetted into a 96-well plate and loaded into the ABI 
PRISM™ 7700 Sequence Detection System. The temperature was ramped from 
60 to 95 °C over 20 minutes and the fluorescence recorded at each 0.1 °C change 
in temperature. The fluorescence data was then exported into Dissociation 
Curve (version 1.0) software (Applied Biosystems) for analysis. An example of a 
melting curve for products of HPR primers is shown in Figure 51. The melting 
temperatures of products in samples can be visualized by plotting the rate of 
change of fluorescence, the first negative derivative (- 
d(Fluorescence)/d(Temperature) versus temperature) (Fig. 20). This shows the 
melting temperature of the product as a peak and will also indicate the 
presence of primer dimers or other undesired amplified products. This is also a 
useful diagnostic tool to discover the temperature at which the fluorescence 
should be recorded during the real-time PCR run. The recording should be 
made at a temperature just below that of the product melting temperature, but 
above that of any primer dimers formed, as such the fluorescence recorded can 
be attributed to the desired PCR product alone.
Figure 20. The melting peak plots for HPR. The fluorescence should be recorded at 
78.5 °C and the primer dimers will be melted at this temperature.
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Q uantitative real-time PCR-assay setup
Each QRT-PCR was carried out in a reaction volume of 25 pi loaded into a 96- 
well plate. The reactions contained 300 nM of each prim er as well as the ocular 
cDNA template. To help reduce intra-assay variability, large master mixes were 
made that contained both prim ers and Power Sybr® Green PCR Master Mix 
diluted in water, these mixes were m ade in excess to allow for residual losses 
during pipetting and on plastic ware. The quantification for each cDNA sample 
was done in triplicate, enabling a m easurem ent of intra-assay variance. The 
large master mix was aliquoted into 85pl aliquots (in excess of the 75pl required 
for the triplicates) to which lp l  of cDNA was added and mixed thoroughly. A 
triplicate no-template control was also set up on every plate to check for 
contamination. After thorough mixing, triplicates of 25pi were pipetted from 
each aliquot into a 96-well plate, optical caps were placed on the wells and the 
plate was loaded into the sequence detection instrument.
Thermocycling and data  collection
The sequence detection system was controlled by the SDS 2.2 software. The 
cycling conditions for the PCR consisted of an initial Taq activation step of 95 °C 
for 10 minutes, followed by 40 cycles of 95 °C denaturation for 15 seconds, 
followed by a 60 °C annealing/extension step for 1 minute. A final data 
collection step of 20 seconds was added to each cycle, with fluorescence 
measured at 2 °C below the melting tem perature of the desired product as 
determined by melting curve analysis. This ensured that any prim er dimers did 
not contribute to m easured fluorescence. During data collection periods the 
system records fluorescence (across a broad spectrum from 500 to 660nm) every 
7 seconds, approximately 3 fluorescent readings would be taken and 
automatically averaged for each cycle.
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2.11.10 Data analysis
Two initial corrections were made automatically to the raw fluorescence data 
by the SDS software. Firstly the data was corrected to a passive internal 
reference dye (ROX). Each PCR reaction in addition to the Sybr® Green 
contains ROX, this fluoresces at a longer wavelength than Sybr® Green and is 
used as a control for the am ount of reagent in each PCR (controlling for 
pipetting errors and any evaporation within the tubes). The fluorescence 
recorded for Sybr® Green is corrected with respect to the reference dye to give 
a relative fluorescence (Rn) value at each cycle. Secondly Rn values are further 
modified by subtraction of background fluorescence levels. The background 
fluorescence level is calculated as the mean fluorescence during the first 3-15 
cycles of PCR before products can be seen to accumulate (this is user defined 
and may be limited w ith high expression targets). These final Rn values were 
then exported to a text file.
The text file was im ported into Excel (Microsoft, Redmond, WA) and further 
analysed using an autom ated workbook entitled "Data analysis for real-time 
PCR (DART-PCR)', described and created by (Semo et al., 2003). This analysis is 
quite complex and is described in detail in the publication; the following is a 
simple overview of the analysis undertaken for each relative quantitative PCR. 
DART-PCR is designed to analyse the data from direct comparisons between 
sample groups (samples in which the same target gene is being amplified with 
the same primers), if more than one comparison was set up on a single plate 
then the data would be analysed separately. The workbook was designed to 
calculate the theoretical starting fluorescence (Ro), which is proportional to the 
am ount of starting template. This is calculated using the formula:
R o = R c t(l+ E )'ct
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W here Ct is the threshold cycle, Ret is the fluorescence at this cycle and E is the 
efficiency of the PCR amplification reaction (as with biochemical reactions rated 
0 (no reaction) to 1 (maximum reaction)).
In an ideal PCR reaction E has a value of 1 in which there would be an exact 
doubling of product w ith each additional cycle, the fluorescence w ould follow 
an exponential increase with each cycle. In reality the efficiency of amplification 
in a PCR is not exactly 1, and in later cycles reagents become limiting, or the 
accumulation of PCR product in itself becomes inhibitory to the reaction (Kainz, 
2000). On a log Rn scale the real-time PCR amplification plot can be described as 
having three distinct stages, firstly the background noise stage, during which 
exponential increase in the product is not visible, secondly the effective linear 
phase during which the efficiency of amplification is at its highest level and 
then thirdly the plateau phase during which the efficiency is decaying.
The Rn values for the triplicates were averaged and the efficiency was calculated
by linear regression for each around the m idpoint of fluorescence using DART-
PCR. The workbook also assessed w hether the efficiency was comparable both
within and between sample groups using analysis of variance (ANOVA). If
outliers within groups were detected then they were removed from the
analysis. If the efficiency was comparable within and between sample groups
then the average overall efficiency was used in the calculation of Ro. Whilst it is
theoretically possible to make individual efficiency corrections, this will
introduce systematic errors, since efficiency correction is exponentially applied
(Semo et al., 2003). In the majority of quantitative real-time PCR assays I
analysed for this study, no significant differences of efficiencies between sample
groups were found, suggesting variations are due to measurement techniques.
In one instance when this was seen, it was due to high background noise levels
(leaving only a few points in the effective linear phase for efficiency
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calculation), and high intra-assay variability. This assay was repeated and with 
lower assay noise no significant differences were found.
The level of fluorescence at which the Ct was recorded was set at the calculated 
midpoint of fluorescence on a log scale (the solid black line in Fig. 21) in the 
linear phase. The Ro values for each sample were then exported to a new 
worksheet; the data was then normalized. The relative expression, and fold 
change between normalized sample groups were then calculated.
Amplification Plot
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Figure 21. Amplification plot of fluorescence data from a QRT-PCR run for HPR.
The solid line indicates the threshold fluorescence at which cycles values were 
obtained. The dashed lines define the linear phase from which the efficiency was 
calculated for each sample.
In the example shown the average efficiency is 0.977, this is comparable 
between the two groups and within the groups so this could be used as an 
estimate of the efficiency of amplification in all plots. The threshold log 
fluorescence was set at the midpoint -1.097 (calculated automatically by the 
workbook). This is marked as the solid black line in the graph and appears to 
be both above the background noise and within the linear phase before the 
plateau. The cycle number at this fluorescence was recorded. At this point a
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clear difference between groups (pink and green) can be seen, the pink group 
samples have lower Ct values at this fluorescence (hence w ould be expected to 
contain more initial transcript). The Ro values are calculated by the spreadsheet, 
there is a increase of six times in expression in the pink group of samples, but 
this value m ust be norm alized before final comparisons are made.
2.11.11 N orm alization  o f data
A parameter that m ust be controlled for in real-time PCR is the am ount of 
cDNA loaded into each reaction. There are multiple factors that can affect this, 
such as pipetting errors, the quality and purity of RNA added to the reverse 
transcription and the efficiency of the reverse transcription itself. The reverse 
transcription step is thought to be the source of most variability in quantitative 
PCR (Freeman et al,  1999) as this reaction is sensitive to salts, alcohols and 
phenol contamination from the RNA extraction, and may also be inhibited by 
polysaccharides and proteoglycans precipitated with the RNA (Sambrook and 
Russell, 2000). As such an apparent change in expression of a gene in a 
treatment could be due to differing am ounts of cDNA added to the real-time 
PCR. It is im portant then that one assays the expression of at least 3 internal 
housekeeping genes for each of the samples as an RNA loading/reverse 
transcription control. Housekeeping genes were chosen as those with most 
stable expression across the treatments being compared. Here 5 genes were 
examined for stability of expression and then a normalization factor, which is 
the geometric mean of the m ultiple internal control, was calculated for the most 
stable genes using Genorm (Vandesompele et al., 2002). The three housekeeping 
genes used here were HPR, MERTK and TATA binding protein (TBP). To 
normalize, the Ro values of the test genes were divided by the normalization 
factor. Again the plates were set up so that groups being directly compared
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(control and treatments) were on the same plate, such that any differences in 
gene expression would not be due to inter-assay variability.
2.11.11 Statistical analysis
Statistical tests were carried out using Microsoft office Excel 2003. T-test was 
used to analysis the significant changes in expression level. Here, the level of 
expression in control samples was tested against retinal detachment samples. 
However the data was represent in the corresponding figures as fold change.
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Chapter 3
RPE cell topography in human and rats
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3.1 Introduction to topographical variation in human RPE cells
In the foetus, the eye diameter doubles every 2.5 to 3 weeks between the third 
week and the second month, and it doubles again between the third week and 
the fifth m onth of gestation. The eye growth then slows dow n during 
subsequent development (Robb, 1982). During postnatal life, the hum an eye 
grows m ost rapidly within the first year and continues to grow at a relatively 
high rate until the third year (Streeten, 1969). From the second to the thirtieth 
year, growth is relatively slow and is almost absent beyond thirty years 
(Harman et al., 1997). On the other hand, the prim ary increase in cell density in 
the RPE occurs between the fourth and sixth month of gestation. Here, RPE cell 
proliferation occurs at a rate faster than the rate of enlargement of the surface 
area covered by them. However, cell density then decreases between the sixth 
month of gestation and the second year of life, despite an increase in the total 
num ber of cells (Ts'o and Friedman, 1968; Rapaport et al, 1995) because at 
approximately the sixth m onth of gestation the relationship between eye 
growth and RPE cell proliferation reverses. Here the surface area of the eye 
grows at a faster rate than RPE cell proliferation as a result an apparent 
decrease in RPE cell density and a variation in cell size develops (Ts'o and 
Friedman, 1968). Post-natally the RPE appears to change only by increasing its 
area throughout m aturation (Mann, 1964), the slow increase in surface area of 
the eye will be accompanied with expansion in the RPE monolayer to cover the 
underlying surface area. However as soon as the eye growth ceases, the RPE 
cells become uniform  in their shape, size, and pigmentation (Streeten, 1969).
RPE cell loss is a characteristic feature of aging (Panda-Jonas et al, 1996) and 
also of retinal disease such as macular degeneration or retinitis pigmentosa 
(Adler et al., 1999). As these cells are mitotically inactive postnatally, many 
studies have been carried out to determine the changes in hum an RPE cell
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density with increasing age. However, the results have been inconsistent. In 
most studies the retina was analysed as three regions; central (macular), 
equatorial and peripheral. In general, most studies agree that central RPE cell 
density is higher than in the peripheral region (Robb, 1985; Gao and Hollyfield, 
1992; Panda-Jonas et al., 1996; Harm an et al., 1997). Del Priore (2002) suggested 
that this decrease in peripheral RPE cell density is due to migration of 
peripheral cells to replace apoptotic central RPE cells (Del Priore et al., 2002). 
Panda-Jonas and colleagues (1996) concluded that the decrease in RPE cell 
density is approximately 0.3% per year w ith increasing age with a general 
decrease in cell density from the central to peripheral regions (Panda-Jonas et 
al, 1996).
On the other hand, studies of macular and equatorial RPE density showed 
contradictory results. Watzke and colleagues (1992) showed that macular RPE 
cells were more densely packed and more hexagonal than those of equatorial 
regions, this hexagonality is lost w ith age (Watzke et al, 1993). Gao and 
Hollyfield (1992) found an age-related decrease in equatorial RPE cells, which 
occurred between the second and ninth decade, however, this decrease did not 
affect the macular regions. In contrast, Harm an and colleagues (1997) found a 
significant increase in central RPE cell density with age which did not affect the 
equatorial region (Harman et al, 1997). An additional facet that marks many 
earlier studies is that they largely avoided the far peripheral retina. It is 
probable that this is because the majority of retinal diseases that affect vision 
afflict the central retinal regions and that the periphery is harder to analyse 
because it can be dam aged during tissue processing.
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Aims of this study
• Analyse the topographical variation of RPE cell size and matrix of 
regularity across the entire retina in humans, using com putational 
analysis of digital microscopic images (Dryden, Taylor & Faghihi, 1999), 
and compare with previous studies.
• Identify binucleated RPE cells and their distribution as this feature is 
associated with cells entering the cell cycle.
• Analyse the effect of ageing on RPE cell.
• Compare the topographical variation of basic RPE cell features between 
hum an and rodent, as only one study has attempted to compare basic 
features of the RPE across different species (Ts'o and Friedman, 1967).
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2.5 Results
When viewed in hydrated flat-mounted retina preparation, the central and 
equatorial RPE cells appeared as a tightly packed homogenous, hexagonal and 
phenotypically similar population of cells (Fig. 22C). However, peripheral RPE 
cells showed a nonhomogeneous distribution and exhibited a striking 
variability in pigment content distribution and histological features (Figs. 22A, 
B).
Figure 22. Image of far peripheral and equatorial RPE cells undertaken using 
light microscopy. (A) and (B) are examples of two populations of RPE cells 
which differ in histological features and were both within the first 2 mm of 
the peripheral retina, close to the ora serrata. Adjacent to the retinal edge cells 
were small, hyperpigmented (A) and central to these cells was a second 
population which was larger in s ize , highly distorted and with variable levels 
of pigmentation (B). (C) Shows equatorial RPE cells which are homogenous 
and hexagonal in shape, with a normal level of pigmentation. Scale bar = 20 
pm.
2.5.1 Central to periphral variation in human RPE cell size 
To determine regional variation from the centre to the periphery of the retina, 
one retina from a 45-year-old donor was analysed. Here trance lucida images of 
the RPE were analysed as a single length which transected the entire radius of 
the flat-mounted retina. The length of the strip analysed was approximately 20 
mm and the width 150 pm (Fig. 23).
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Figure 23. Images of RPE cells drawn using light microscopy with an attached 
drawing tube. (A), (B) and (C) Consecutive images of RPE cells for the first 5 
mm of the far periphery. These images show the variation in RPE size and 
shape within the first 5 mm of the far periphery. (D) represents an area of 
equatorial RPE at a distance of 8-9 mm from the far periphery which is 
distorted due to the accumulation of drusen beneath the cells. (E) and (F) are 
examples of normal equatorial and central RPE cells, respectively. Scale bar =
100 pm.
The first peripheral 5 mm (5000pm) of the strip contained three populations of 
RPE, according to the size of the cell (Stroeva and Panova, 1976). The first 
population had an average cell diameter of 12.5 pm and occupied the first 0.5 
mm of the strip. The second population of cells had an average cell diameter of 
17.5 pm  and occupied the area between 0.5-2.5mm of the strip. The increase
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observed within this region was statistically significant (P<0.0001 between 
centre and periphery of the retina). The third group represents the first 
homogeneous cells seen in the periphery of the retina, these cells had an 
average diameter of 14.3 pm  (Fig. 24).
RPE cell size from a 45 year old
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Figure 24. Analysis of a radial strip from peripheral to central retina. This 
illustrates the presence of three RPE cells populations: (1) small peripheral 
RPE cells adjacent to ora serrata with average diameter of 12.5 pm, these cells 
occupy the first 0.5 mm of the peripheral retinal rim; (2) large cells with an 
average cell diameter of 17.5 pm and occupying the area within 0.5-2.5mm of 
peripheral retina and then gradually normalize in size. The increase in RPE 
cells observed in this region was statistically significant P0.0001. (3) The 
third population represents the entire central and equatorial RPE cells with an 
average cell diameter 14.3 pm. The arrows point to a second peak in RPE cell 
size, this increase is related to the presence of drusen in that region which is 
discussed in Chapter 4.
The next 14 mm (14,000 pm) of the strip represented equatorial (7 mm) and 
central (7 mm) RPE cells; these cells were homogeneous with an average cell 
diam eter of 13 pm. At approximately 8-9 mm from the periphery, which is part
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of the equatorial retina, another peak in RPE cell size was observed. This peak 
was associated with drusen which will be discussed in detail in Chapter 3.
2.5.2 Regional variation  RPE cell size and regularity o f the entire 
retinal surface
In this study, I sampled the two flat-mounted retinae systematically to cover the 
entire retinal surface. The first retina was from a young donor aged 17 years. 
Here the analysis of RPE cell size showed a relatively small variation across the 
central and equatorial regions, however their distribution was highly regular. 
On the other hand, analysis of the far periphery of the retina showed a 
distinctive population of cells, which were larger in size and highly irregular. 
This cell population form ed a band running around the entire retinal edge (Fig. 
25). The second retina was from an older donor aged 58 years. Here, the same 
pattern of increase in RPE cell size and irregularity was observed in the far 
periphery however, there was also an increase in RPE cell size and irregularity 
across the equatorial region. This increase is associated with the accumulation 
of drusen and aging which will be discussed in Chapter 3.
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Figure 25. Pseudo-coloured topographic maps illustrating the 
distribution of RPE cell diameters and the irregularity of their 
distribution across the entire RPE surface as measured in flat-mounted 
retinae from 17- and 58-year old subjects. Each of the four maps is 
generated from bi-cubic interpolations of measurements made in 
150pm2 regions of interest that were sampled as a continuous map. 
(C) and (D) show distribution of RPE cell diameter as a function of 
spatial location in flat-mounted retinae, where colour bar is graded in 
microns. Both retinae show an increase in RPE cell diameter with 
radial distance from optic disc. (E) and (F) are topographic maps 
depicting RPE cell regularity where larger numbers describe less 
regular patterns (see methods) in the same tissue preparation used in 
A and B, respectively. They show an increase in cell irregularity as a 
function of radial distance from optic disc. Scale bar = 2cm.
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2.5.3 Comparison of human and rat RPE
Having established that the far periphery differed in RPE cell size and 
regularity, three strips that were separated like the spoke of the wheel were 
analysed, for size regularity and binucleation, from six retinae aged 19, 28, 45, 
55, 60 and 79 years. As the strips were separated by similar angles, bu t placed 
random ly in relation to the eye orientation, it is very unlikely that there were 
regional differences in the features examined. Further, there was little variation 
in the features examined between retinae, hence the data have been pooled 
together and averaged for all ages.
In Figure 25 three distinct populations of cells were identified within the first 5 
mm of the peripheral retina. The first group, found within the first 0.5 mm of 
the retinal edge, were similar in size to those in the central region, being 
approximately 12 pm, largely mononucleated, but relatively irregular in their 
distribution. Central to this was a second population with a statistically 
significant increase in cell size of approximately 17.5 pm (ANOVA =0.0005). 
D unnett's m ultiple comparison test showed that this significance was mainly 
associated w ith cells w ithin 0.5-2.5 mm of the retinal edge (P < 0.001). The 
increase in size was also associated with an increase in matrix of irregularity 
(ANOVA = 0.0001, D unnett's m ultiple comparison test P < 0.001). Furthermore, 
10% of these cells contained more than one nucleus. Between 4 and 5mm from 
the retinal edge the size of RPE cells and regularity of distribution gradually 
normalized and rem ained consistent towards the macular region. In addition 
almost all RPE within this normalized area were mononucleated (Fig. 26). Cells 
within this region represent the third group of peripheral RPE cells. While data 
derived from the far periphery were more variable than central region, this 
variability was no greater or less in individual segments. In all of the human
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eyes the region displaying the features seen in the far periphery were equally 
m arked around the retinal rim.
The morphological patterns found in rats were significantly different from 
those described for hum ans (Fig 27). The general impression of the rat RPE was 
of a tissue that displayed greater homogeneity than that present in humans. 
This was obvious in the three variables examined (Fig. 28). Rat RPE was very 
consistent in terms of cell size, being approximately 27pm at all eccentricities, 
which is larger than any found in the central or peripheral regions of the hum an 
retina. There was no tendency for an increase in cell size towards the periphery 
(P = 0.14; Fig. 28A). Likewise, there was no decline in the regularity of the 
cellular mosaic tow ard the retinal edge (P = 0.58; Fig. 28B).
Rat RPE showed also a distinct difference from that of hum an RPE in terms of 
the cell populations that were binucleated. In hum ans this feature was rare in 
the posterior pole and occurred in relation to extreme eccentricity, where 10% 
of cells w ithin this region were binucleated. However in rats almost 80% of 
central RPE cells were binucleated (Fig. 28C) and a few cells at such locations 
could have as many as five nuclei. With increased eccentricity the proportion of 
cells that were binucleated declined in a roughly linear manner, such that at the 
retinal m argin only about 10% contained more than one nucleus. This indicated 
that binucleation is a feature of the central RPE in rats as opposed to hum ans 
where it is a feature of the peripheral RPE. Furthermore, binucleation did not 
significantly change the size of rat RPE cells because cell size did not change 
between the central and peripheral regions of the retina, whereas in humans 
peripheral binucleated cells were larger than central mononucleated ones.
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Figure 26. The graphs displaying the mean variation in RPE cell diameter, 
regularity and binucleation from peripheral to central retina in human. The data 
in each graph were pooled from the 6 retinae aged between 19-79 years. (A) 
Graph of RPE cell diameter showing an increase in RPE cell diameter at 
peripheral retina ANOVA = 0.0005. Dunnett's multiple comparison test further 
shows that points 0.5-2.5mm in the periphery are significant P < 0.001, while the 
rest are not significant. (B) Showing an increase in the index of RPE cell 
irregularity in peripheral retina ANOVA = 0.0001. Dunnett's test further shows 
that points 0-2.5mm in the periphery are significant, P < 0.001, while the rest are 
not significant. (C) The graph shows an increase in the average percentage of 
binucleated cells in the peripheral two populations of cells, ANOVA = 0.0001. 
Dunnett's test further shows that points 0.5-2.5mm in the periphery are 
significant, P < 0.001, while the rest are not significant.
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Figure 27 Example of images of the central and peripheral RPE cells in 
human and rat. (A) Micrograph taken from the macular region of 58- 
year old, and (B) sampled from the periphery, close to the ora serrata, 
of the same retina. (C) RPE lattice sampled from the central retina in 
rat, and (D) from the periphery of the same retina stained with ZOl. 
Human RPE has a markedly less regular appearance in the 
periphery compared to the centre. This regional difference was not 
seen in rats. The arrows in B and D shows binucleated cells.
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Figure 28. The graphs displaying the mean variation in RPE cell diameter, 
regularity and binucleation, from peripheral to central retina from 5 rats aged 180 
days. (A) shows homogeneity in central to peripheral RPE cell size P=0.7. (B) shows 
no variation in RPE cell regularity between central and peripheral retina, P=0.05. 
(C) The graph shows an increase in the averaged percentage of binucleated cells in 
central retina which gradually decreases toward peripheral retina (ANOVA = 
0.0001, Newman-Keuls < 0.05 central and peripheral).
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2.5.4 Age-related changes in the central and equatorial RPE
In hum ans the central and equatorial RPE cells are homogeneous and they 
represent the vast majority of RPE cells. The aim of this study was to assess the 
stability of cell homogeneity w ith age. I analysed the size, regularity and 
density of the RPE cells in m acular and equatorial regions of the retina from 12 
eyes aged between 9 and 93 years. In general, the sizes of RPE cells in the 
m acular region were smaller than the equatorial ones. As a result the density of 
RPE cells in the macula was higher than in the equatorial region. For example, 
at nine years of age, the m ean cell density in the macula is 117.83 cells/130pm2, 
whereas in the equatorial regions, the mean cell density is 87.4 cells/130 pm 2.
Figure 29 shows a gradual and statistically significant (Anova - P=0.003, 
correlation coefficient - r2 =0.61) decrease in RPE cell density with aging in the 
macular region (Fig. 29A). This was accompanied with an increase in RPE cell 
size (ANOVA, P=0.001, r2=0.66) and regularity (ANOVA, P=0.04, r2=0.35). On 
the other hand analysis of the equatorial region did not show any statistically 
significant variation in RPE cell density with aging and as a result there was no 
change in RPE cell size and regularity (Fig. 29).
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Figure 29. These graphs illustrate the effect of aging in humans on central RPE cell 
density, size and irregularity in both central and equatorial retinal regions. Twelve 
retinal flat-mounts were analysed. Graph A shows that with increasing age the 
average cell density decreases in humans (ANOVA - P=0.003, correlation 
coefficient - r2 =0.61), which is accompanied with an increase in average cell size 
P=0.001, r2=0.66 (C) and increase in matrix of irregularity, P=0.04, r2=0.35 (E). 
However analysis of equatorial RPE cells showed no significant change in cell 
density (B), size (D) or matrix of regularity (F).
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The differences found in the organization of the RPE between humans and rats 
were also reflected in how this tissue aged. Because of the relatively shorter 
lifespan of the rat only two time points were examined, 180 and 600 days old. It 
is rare for a DA rat to live beyond 700 days and at 600 days the animals are 
obviously aged, showing a greying of coat colour, increased body weight and 
becoming relatively sedentary. In spite of these gross age-related changes, there 
were no significant age-related changes in the RPE of old animals similar to 
those found in hum an tissue. The density of RPE cells did not decline, their cell 
size remained unchanged and their organizational pattern was not disrupted 
(Fig. 30).
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Figure 30. The graphs illustrate the effect of aging in rat RPE cells: (A) No 
change in central RPE cell density P = 0.2000, or cell size P=0.0500; (B) No 
significant decrease in equatorial RPE cell density P = 0.0749, with age or cell 
size P = 0.0500.
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2 .5.5 Cone-rich retinal rim analysis
As the retina was found to have a cone-rich retinal rim, which was 
approximately 1mm in width (Williams, 1991), it was of interest to find the 
correlation between the large, irregular, binucleated cells and the cone-rich 
retinal rim. Here both the flat-mounted RPE and their corresponding flat- 
m ounted neural retina were analysed. Figure 23 shows three images taken from 
peripheral retina of the RPE cells with the corresponding relative distribution of 
cones in the neural retina. Here the cone-rich retinal rim coincides with the two 
distinctive groups found in the peripheral retina and their density decreases 
towards the central retina (Fig. 31C). I did not attempt to quantify the cone 
density as it is beyond the scope of this study.
Figure 31. Sample images from the strip of RPE cells at the top and the 
corresponding neural retina below. The black dots on the bottom image 
represent the relative density and distribution of cones in this area. (A) Image 
of the small, mononucleated, relatively irregular RPE cells within the first 0.5 
mm of peripheral retina on top, with the corresponding high cone density 
neural retina at the bottom. The black dot represents the relative distribution 
and density of the cones. (B) Image of the large, binucleated, highly irregular 
cells within the first 0.5-1.5 mm of the peripheral edge with their 
corresponding high cone density of the neural retina. (C) Shows normal RPE 
cells with the corresponding normal distribution of cones. Scale bar = 25 pm.
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2.6 Discussion
Topographical analyses of hum an RPE cells highlighted a distinctive population of 
cells in the far peripheral retina that were histologically different from cells of the 
posterior pole. These cells were larger in size and their matrix of regularity was 
disrupted by approximately ten times. Furthermore, 10% of these cells contained 
more than one nucleus, which is not a common feature of hum an RPE.
The abnormally large, irregularly-packed peripheral RPE cells form a distinctive 
annulus, which is approxim ately 4-5 mm wide and coincides with a particular part 
of the neural retina that is rich in cones (Williams, 1991). However, it is im portant 
to note that the cone-rich rim  is almost certainly generated prenatally during the 
later stages of retinal cell addition (La Vail et al, 1991). But the distortions to the far 
peripheral RPE appear to arise much later, around the second decade of life 
(Streeten, 1969; H arm an et al., 1997). Further, the rat lacks any distortion in the far 
peripheral RPE, bu t does have an increase in cone density at the retinal margin 
(Vugler et al., In Press). Hence, if these two features are related, the nature of the 
relationship is complex and changes with time.
When compared with hum ans, rat RPE cells did not show any central to peripheral 
variation in cell size or regularity. In fact, w ith the exception of binucleation, it is 
not possible to distinguish rat RPE cells from the central region of the retina from 
those from the peripheral retina. In rats, central RPE had the highest percentage of 
binucleated cells (80%) in contrast to peripheral cells, of which only (10%) were 
binucleated. Stoeva and Panova (1983) showed that binucleation is a postnatal 
event in rats, where central RPE contains only about 5% binucleation by the first 
day of life. This proportion increases gradually and reaches about 50% by the fifth 
day and 80% by the ninth postnatal day. However, at the periphery, the 50% level 
of binucleation was found by the ninth postnatal day and did not change later
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(Stroeva and Panova, 1983). Interestingly, the binucleation did not significantly 
change the size of rat RPE cells, whereas in hum ans there was an increase in size of 
binucleated cells. Taken together these data argue that the underlying mechanism 
driving binucleation in rat central retina may be different from that in the hum an 
peripheral retina. Although the reason and mechanism for the nuclear division is 
unknow n in both species, a recent study showed that the absence of p27 “p1 gene in 
mice, which is a negative cell-cycle regulator, results in enhanced RPE nuclear 
division, w ithout an increase in cellular division (Defoe et al, 2007).
Analysis of topographical variation w ith age showed a m arked decrease in RPE 
cell density in the central region of approximately 40% over the time period 
examined. Over this period there was also an increase in the size of RPE cells of 
almost 40% from approxim ately 12pm to approximately 17pm. Hence, cell 
numbers decline with age and the remaining cells appear to increase in size to 
cover the loss. At the same time there are marked changes in the regularity of the 
RPE cell matrix. This regularity declines by approximately 40% over the same 
period. Rats were clearly different in this respect and although aged animals 
showed aging in terms of their body morphology and coat colour they showed 
little signs of RPE cell loss from the central retina or distortions to the cell matrix. 
This indicates that the RPE in the two animal types also age differently.
In the m ature mammal, RPE cells are lost with age which results in a 0.3% decrease 
in RPE cell density per year (Panda-Jonas et al., 1996). This loss is due to the 
increase in oxidative stress which is related to the increase in lipofuscin, A2E and 
loss of melanin with age reviewed in (Cai et al., 2000; Sparrow and Boulton, 2005). 
As postnatal RPE cells are mitotically inactive many studies were conducted 
analysing the aging of these cells, however the results were inconsistent. There 
have been a num ber of studies on the aging of hum an RPE where whole-mounted
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preparations have been used. The results are rather confusing and literature can be 
cited to support a w ide range of arguments. For example, Gao and Hollyfield 
(1992) find evidence for RPE cell loss throughout life roughly matching declines in 
photoreceptor numbers. Likewise, Panda-Jonas and colleagues (1996) show a 
gradual decline in RPE cell num bers in the central retina with age at a rate not 
dissimilar to that presented here. However, a comprehensive study undertaken by 
Harm an and colleagues (1997) found evidence for an actual increase in cell density 
centrally. In spite of these differences, the weight of evidence supports the notion 
that, in the central region of the retina, RPE cells are lost with age, which is clearly 
supported by the results of this study.
The increase in RPE cell loss in the central region is due to a higher level of 
photoreceptor outer segment phagocytosis in this region compared with other 
retinal regions, which results in higher levels of lipofuscin accumulation (Feeney- 
Bums et al, 1984b; W eiter et al, 1986b; Sparrow and Boulton, 2005). Hence, the 
central retina encounters high levels of oxidative stress factor which leads to a 
higher rate of cell loss w ith age. This region is also subjected to a 35% decline in 
RPE melanin granules, which are considered as protective organelles, with 
advancing age (Boulton and Dayhaw-Barker, 2001). Furthermore, apoptosis is 
more common in the m acular region (Del Priore et al., 2002) and a recent study 
found a higher level of expression of genes associated with apoptosis in the 
macular region than in the peripheral retina (Ishibashi et al, 2004).
While there is no evidence of cell proliferation, Ts'o and Friedman (1968) noted the 
presence of tw o mitotic RPE cells in rats, but no attempt was made to locate the 
distribution of these cells. Here the histological features of peripheral RPE cells 
may possibly suggest that these cells are entering the cell cycle, but why is it only 
observed in the peripheral retina? Previously it has been suggested that RPE cells
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migrate from the the periphery to the centre to replace apoptotic cells in the central 
retina and m aintain RPE cell density within this area (Del Priore et al., 2002). It is 
possible that stretching of peripheral RPE cells to cover the peripheral surface may 
act as a stim ulus for cells to enter the cell cycle (Curtis and Seehar, 1978; Folkman 
and Moscona, 1978) and this could explain the regional variation. Further, the 
difference between proliferative capacity in the peripheral and central regions has 
been suggested where an in vivo study on hum ans showed that RPE cells from 
peripheral areas entered the proliferative phase earlier than cells from the macular 
region (Flood et al, 1984). In addition, in an analysis of 50 of the m ost highly 
expressed retinal genes, eleven show ed differential expression between central and 
peripheral hum an RPE. Of these, two were cell-cycle genes that were down- 
regulated in the central retina and not in the periphery (Ishibashi et al., 2004).
Many regional functional differences in the RPE have also been demonstrated. For 
example, posterior pole RPE cells have lower Na+ /K+ -ATPase pum p density 
(Burke et al., 1991), and lower activity of cytochrome oxidase (McKay and Burke, 
1994). The posterior RPE also has lower activities of some lysosomal enzymes such 
as acid phosphatase, |3-glucuronidase, and N-acetyl-(3-glucuronidase (Cabral et al., 
1990). It is likely that there are m any other as yet unidentified differences between 
peripheral and posterior RPE cells. Taken together these data indicate not only that 
central and peripheral RPE cells are different morphologically, but they also differ 
functionally and have different proliferative capacity. In addition to differences in 
the RPE from different topographical regions of the eye, RPE cells within regions 
also vary, showing differences among individual cells in granule content (Burke 
and Skumatz, 1998). Also the expression of many specific proteins can differ from 
cell to cell in the RPE (Burke et al, 1996; Burke et al, 2000).
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Chapter 4
The lateral affect of drusen on human RPE
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4.1 Introduction to drusen
Drusen are age-related extra-cellular lipoproteinaceous accumulations that deposit 
in the space between the RPE and the inner collagenous layer of BM (Fig. 32). They 
are nam ed after the German w ord for node or geode, and were first described by 
Donders in 1854, who observed the presence in a 70-year-old retina of a reflective 
sphere surrounded by rings of hyperpigmentation, which he called 'd rusen ' 
(Donders, 1854). Muller (1856) confirmed Donders' description of the frequent 
presence of hyperpigm entation around the rims of drusen, and suggested that they 
were likely to be displaced RPE cells caused by the protrusion of drusen. Muller 
proposed that drusen result from aberrant secretion of basement membrane 
components by the aged RPE (Muller, 1856). Friedman and colleagues (1963) 
hypothesised that drusen originate from blood constituents and are closely 
associated w ith the collecting choroidal venules (Friedman et al., 1963). A recent 
study showed that these deposits are strongly associated with the lateral walls of 
the choriocapillaris, which is an area commonly known as the intercapillary pillars 
of the choriocapillaris (Lengyel et al., 2004).
Drusen are classified into two m ain subgroups, hard and soft drusen (Marmor and 
Wolfensberger, 1998). H ard drusen are usually less than 64 pm in diameter, 
hemispherical structures w ith well-defined borders and a uniform structure and 
composition throughout. Soft drusen are typically larger in diameter, more 
irregular and heterogeneous in structure and composition (Lewis et al., 1986; Sarks 
et al., 1994; Spraul and Grossniklaus, 1997). Although a molecular difference in 
composition is not yet apparent between the two classes of drusen, studies have 
shown that hard  drusen are m ainly distributed around the equatorial retina and 
are present in almost 100% of individuals above the age of 43 years. Soft drusen, 
usually observed as a large concentration of confluent drusen, are mainly
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distributed around the macular area and are representative of the development of 
AMD (Sarraf et al, 1999).
Figure 32. Light micrograph depicting the appearance and location of a hard 
druse. Note the attenuation of photoreceptor outer segments (OS); druse (asterix); 
choroid (CH); inner segments (IS); outer nuclear layer (ONL); inner nuclear layer 
(INL); and ganglion cell layer (GCL). Adapted from Hageman 2001.
Although the presence of drusen per se is not an absolute predictor for the 
development of AMD, drusen are generally regarded as strong risk factors for the 
disease (Bressler et al, 1990; Pauleikhoff et al., 1990b; Vinding, 1990; Bressler et al., 
1994). AMD is the leading cause of irreversible blindness in many countries. In the 
early stages of AMD, soft drusen are present clinically as yellow lesions on the 
retina, which may be associated with a decrease in visual acuity. However, late 
stages of AMD are associated with large and prominent changes in vision due to 
the development of either dry or wet types of AMD (Bressler et al, 2005).
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AMD can be divided into tw o types; dry and wet. Dry AMD is the more common 
form of the disease and accounts for up to as much as 90% of AMD. This type is 
characterized by a discrete area of hypopigmentation, central atrophy and high 
concentrations of soft drusen in the macula, and causes severe loss of central 
vision. W et AMD is less common bu t more severe than dry AMD due to the 
developm ent of choroidal neovascularization (Bressler et al., 1990). This is where 
the choroidal blood vessels m igrate below the RPE and may leak under the retina. 
The bleeding m ay eventually cause macular scarring and complete blindness 
(Abdelsalam et al., 1999).
Recent studies appear to be suggesting an im m une-m ediated contribution to the 
events of drusen developm ent (Hageman et al., 2001). The most compelling 
support for this theory is that m any of the proteins identified within drusen have 
been functionally associated w ith or related to the process of inflammation or its 
aftermath. For example, both com plim ent activating molecules (Barron et al., 2001; 
Hageman et al., 2005; Haines et al., 2005; Klein et al., 2005) and vitronectin, a 
known com ponent of the extracellular matrix of BM, have been identified within 
drusen (Hageman et al, 1999). However the lipid composition of drusen is 
consistent w ith their derivation from RPE and photoreceptor breakdown (Holz et 
al., 1994). M any of the molecules identified in drusen are also common to the 
pathological deposits associated w ith other diseases, including Alzheimer's 
disease, atherosclerosis, elastosis, amyloidosis, and glomerulonephritis (Mullins et 
al, 2000), thus raising the possibility that common pathogenic pathways may be 
involved in their formation.
The developm ent of drusen causes lateral stretching of the RPE monolayer and 
physical displacem ent of RPE from its immediate vascular supply, the 
choriocapillaris (Fig. 33). This distortion affects the overlying photoreceptor cell
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function by interrupting supportive RPE maintenance of the rods and cones and by 
shifting their alignment (Pauleikhoff et al., 1990a; Bird, 1992).
Figure 33. In the healthy eye, cones are neatly lined up to maximize their 
exposure to light. During age-related macular degeneration, the cones become 
disoriented. In addition, drusen accumulate in the underlying retinal pigment 
epithelium (RPE), and the membrane below the RPE thickens. Adapted from 
Marmor and Wolfensberger 1998.
The precise involvement of the RPE in drusen biogenesis has not been 
characterized rigorously and it is unclear if drusen are a cause or a consequence of 
RPE dysfunction. In addition, although it is generally accepted that RPE density 
decreases with age, little information is available concerning the density of the RPE 
in association with AMD and drusen grades. A number of studies have addressed 
the origin and composition of drusen (Haimovici et al., 2001; Mullins et al., 2001; Li 
et al., 2007), however there is little information on the influence that drusen have 
on overlying and surrounding RPE cells.
Aim of this study
• Analyse the lateral effect of drusen on RPE cell histological features such as 
cell size, matrix of regularity, pigment density and binucleation, using the 
same method as in the previous chapter.
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4.2 Results
The RPE cell layer appeared homogeneous in the central retina. In the equatorial 
region the presence of drusen was characterized by an absence of RPE cell layer, 
which was roughly circular with clear distortion of the RPE surrounding the 
drusen. Figure 34A is a typical image of healthy retinal RPE tissue; it displays the 
continuous regular hexagonal arrangement of RPE cells. The cells were all similar 
in size, shape and pigmentation. Figure 34B displays one of the drusen observed 
during this investigation. The surrounding RPE were distorted both quantitatively 
and qualitatively. The RPE on top of a druse appears stretched and fractured and 
pushed upwards. There was a general hyperpigmentation immediately adjacent to 
the druse.
Figure 34. Images of the RPE from a 45-year old retina using an Olympus PX50 
microscope with a Nikon digital camera DXM1200 attachment. (A) displays an 
area where there are no drusen within at least 470pm. The cells have a regular 
shape, pigmentation, diameter and nucleation. (B) is an image of a druse (D) and 
the surrounding RPE monolayer. There is apparent hyperpigmentation in some 
of the surrounding RPE and the RPE is considerably more irregular in shape. The 
marginal loss of focus indicates that the RPE in close proximity is at a different 
elevation to the surrounding RPE surface. Scale bar = 20pm
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Another apparent difference between the control RPE samples and the RPE 
samples taken in the vicinity of drusen was the num ber of nuclei that were 
observed. The control cells and the majority of the RPE cells in the equatorial 
region were all m ononucleated. However, there was an additional presence of 
binucleated cells w ithin close proxim ity of drusen.
The results from this study show  that the presence of drusen significantly alters the 
morphology and character of proxim al RPE cells. The RPE cells were found to be 
smaller in regions adjacent to the drusen, however there was a significant increase 
in cell size w ithin the 31-180pm  band surrounding the drusen, P = 0.0089 (Fig. 
35A). RPE cells closer to drusen appeared to have a cell shape of greater 
irregularity than those of the control samples (Fig. 35B). The mean presence of 
binucleated cells also increased w ithin the ring of hypertrophic cells (Fig. 35C). 
RPE cells in direct contact w ith drusen were hyperpigmented, this could be due to 
the decrease in RPE area which increased packing in melanin granules. However, 
analyses of pigm ent density around drusen revealed no significant increase in 
pigment density (Fig. 35D). The effect of drusen on RPE cells was seen only in local 
proximity to drusen, there was no significant difference in cell irregularity, cell size 
and RPE cell binucleation betw een the control samples and all the samples that 
were beyond 330pm from the drusen.
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Figure 35. A depiction of the RPE surrounding a drusen (solid yellow central area) and 
the surrounding binucleated RPE cell from RPE sample of the 73-year-old donor. The 
graphs illustrate the changes seen in RPE cell histology around the drusen: (A) line 
chart to display the change in the mean RPE cell diameter, the RPE cells which are 
located within 30 microns of drusen are significantly smaller than the next group of 
cells (P < 0.001). On the other hand cells which are all 31-180 microns from the drusen 
are significantly larger that normal RPE cells which are at a distance of >480 from 
drusen (B). This graph shows that RPE cells which are close to drusen are highly 
irregular compared to control RPE cells, P = 0.0297. The greater the irregularity value 
(Y axis) the more irregular the cell. (C) displays the mean number of binucleated RPE 
cells which are significantly higher at a distance of 31-180 microns from drusen; D). 
shows no significant change in pigment density around drusen. Scale bar = 150 jum.
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4.3 Discussion
The results from this study show  that the presence of a druse significantly alters 
the m orphology of the RPE cells surrounding it. However, the changes observed in 
the RPE cells were dependent on their proximity from drusen. Here a ring of small 
and highly irregular cells have been found to lie in an area immediately adjacent to 
a druse. This was due to the direct druse-induced mechanical pressure exerted 
upon the inner 0-30pm  ring of RPE cells and can account for their small diameter 
and high irregularity. The relative decrease in cell diameter results in an apparent 
increase in m elanin and lipofuscin RPE pigm ents which would cause a higher 
optical density and provide a possible explanation for the observed 
hyperpigm entation w ithin the 0-30pm  ring of RPE cells.
Further away from drusen, w ithin 31-180pm, there was an increase in RPE cell size 
which was associated w ith a relative increase in the matrix of irregularity. These 
cells were also associated w ith a higher num ber of binucleated cells. Between 300 
and 450pm the size and m atrix of irregularity and of RPE cells normalized and 
almost all cells were m ononucleated. The presence of binucleated cells in close 
proximity to drusen m ay indicate that these cells are entering the cell cycle. But the 
question here is w hat stim ulates these cells to enter the cell cycle?
The RPE is a non-dividing system, how ever the adult mammalian RPE retains the 
capacity to proliferate under certain conditions, for example in response to injury 
(Miller et al, 1986), after cryotherapy (Laqua and Machemer, 1976), or after retinal 
detachm ent (Anderson et al ,  1981a). When the RPE monolayer is disrupted by 
laser or mechanical debridem ent there is an upregulation of the platelet-derived 
growth factors (PDGF) and PDGF-receptors which contribute to the proliferation
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and migration of RPE cells (Campochiaro et al., 1989; Marmor and Wolfensberger, 
1998).
Focal mechanical injuries to the retina have also been shown to upregulate the 
level of basic fibroblast grow th factor bFGF, which is a known potent stimulator of 
RPE cell proliferation (Leschey et al., 1990; Bennett and Schultz, 1993; Iseli et al.,
2002). Here protrusion of drusen through RPE cells results in mechanical 
debridem ent of the cells and m ay possibly result in upregulation of PDGF and 
bFGF. This could be one of the mechanisns involved in RPE cell proliferation 
around drusen, which is represented here as an increase in num ber of binucleated 
cells around drusen.
Retinal detachm ent is also associated w ith an increase in PDGF (Marmor and 
Wolfensberger, 1998) and RPE cell proliferation (Anderson et al., 1981a). Here 
protrusion of drusen through the RPE m onolayer may also result in relative retinal 
detachment. This could be another mechanism contributing to the increase in the 
num ber of binucleated cells observed around drusen.
A recent study showed that the distribution of pigm ented epithelial-derived 
factors (PEDF) was different betw een aged hum an choroids and those of AMD 
patients (Bhutto et al., 2006). In AMD the distribution of PEDF was mainly 
observed in disciform scars and drusen and was significantly lower in the RPE 
cells. PDGF and bFGF are another two factors that are involved in AMD 
pathogenesis and are know n to influence angiogenesis (Bennett and Schultz, 1993), 
which result in neovascularization. If these two factors have a distribution similar 
to PEDF in AMD, we w ould expect them  to have a gradient around drusen which 
would decrease as we move further away from drusen. As a result the further the 
RPE cell is from drusen the lesser the chance of it being stimulated to enter the cell
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cycle and that could also explain the proliferation observed around drusen. 
However further studies need to be undertaken to find out if these proliferating 
cells are going through complete cellular division and if not w hy are they 
inhibited.
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Chapter 5
RPE cell proliferation in pigmented and albino
rats
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5.1 Introduction
Most vertebrates, including hum ans, are bom  hyperopic w ith their eyes too small 
relative to the refractive pow er of the lens and cornea (Curtin, 1985). W hen the 
eyes first receive clear images, rates of ocular growth are increased so that the eye 
size is matched to refractive pow er (Wallman, 1993), which is determ ined by the 
growth of the sclera.
In fish, amphibians and teleosts, retinal neurogenesis does not cease after the 
embryonic stage, but continues throughout life. The principal site of post- 
embryonic neurogenesis is the ciliary m argin zone (CMZ), which is a ring of cells 
situated in the periphery of the retina. New cells are added continually from this 
area to the retina and continue to grow through life (Straznicky and Gaze, 1971; 
Johns, 1977). In am phibians these cells also participate in the regeneration process 
after retinal injury (Keefe, 1973).
In birds and mammals, postnatal ocular growth is not believed to involve the 
addition of new  neurons. Instead, a passive stretching of the retina takes place to 
accommodate eye growth (Teakle et al., 1993). However, recent studies have shown 
that in early postnatal chicks there is a proliferating marginal zone containing cells 
that share similarities w ith embryonic retinal progenitors and retinal stem cells of 
fish and am phibians (Fischer and Reh, 2000; Kubota et al., 2002). Further, the non- 
pigmented epithelium  of the ciliary body, which is adjacent to the ciliary margin 
between the retina and the iris, contains quiescent stem cells. These cells do not 
normally proliferate bu t w hen stim ulated with growth factors they undergo 
proliferation and are able to produce neurons (Fischer and Reh, 2003).
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Although it is assumed that there is no proliferation in the neural retina of adult 
mammals, Ts'o & Friedman (1967) noted the presence of two mitotic figures in 
mature albino rat. Furtherm ore, recent m am m alian eye studies found quiescent 
cells located in the pigm ented ciliary body. These cells are capable of proliferating 
when stimulated w ith grow th factors and they express the neuroectoderm al 
marker nestin, which is a stem-cell m arker (Ahmad et al, 2000; A bdouh and 
Bernier, 2006). Another in vitro study show ed that these cells are also capable of 
proliferating w ithout the addition of growth factors (Tropepe et al,  2001).
While it is commonly assum ed that the neural retina and RPE are senescent in the 
adult, the observation of Ts'o and Friedman (1967) raise the question of whether 
mitosis m ight be taking place in the m ature form, but, at such a low level as to be 
only detectable w hen large samples are considered. Further, the tendency to 
examine tissue in section rather than in whole-m ount reduces the probability of 
identifying cell populations w ith a low density. Consequently, I have readdressed 
this issue by examining RPE whole-m ounts stained with three independent 
markers of cell proliferation; Ki67, PCNA and BrdU.
Aim of this study
• Imm une label rat flat-m ounted retina w ith different cell-cycle m arker (Ki67, 
PCNA) to identify RPE cells that entered the cell-cycle in pigm ented and 
albinos animals.
• Analyse the num ber and distribution of RPE cells which are in cell cycle in 
both pigm entation phenotype.
• Imm une label the flat-m ounted retina with BrdU to identify and quantify 
RPE cells, which have undergone cellular division in pigmented animal.
• Analyse the affect of L-DOPA and light adaptation on RPE cells entering the 
cell cycle.
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5.2 Results
5.2.1 Peripheral RPE cells entering the cell cycle
RPE cells positively identified with CRALBP and RPE65 were apparent in the 
pigmented and albino rat retinae that were examined (Fig 36, 37, 38). These cells 
had a clear hexagonal morphology and in the pigmented animals all were packed 
with melanin granules and had a size consistent with them being RPE cells in a 
single hexagonal matrix in a single plane (Fig. 37J).
Figure 36. Image of flat-mounted retina of a P60 pigmented rat double-labelled 
with Ki67 (green) and CRALBP (red) using confocal microscopy. Scale bar = 20 
pm.
Some of the cells positively labelled for RPE cell markers were also clearly labelled 
with the proliferative m arker Ki67 (Figs. 37A and D); similar cells were also 
labelled with the other proliferative marker used, PCNA (Figs. 37K and L). 
However, fewer cells were labelled with the latter marker than the former, due to 
the fact that Ki67 labels cells in all phases of the cell cycle except GO, while PCNA 
labels cells in the S-phase alone. Because Ki67 labels a larger proportion of cells, 
subsequent analysis focused on this proliferative marker alone. Labelling with 
RPE65 and CRALBP defined RPE cells in both pigmented and albino rats, however
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the density of labelling RPE65 was variable in some RPE cells which are also 
positive for Ki67 (Figs. 37D-F).
In both pigm entation phenotypes (P60), Ki67 positive cells were mainly found in 
the peripheral and equatorial retina (Fig. 39A and B). Almost none were seen 
centrally, close to the optic nerve head. Negative controls for Ki67 failed to show 
any label in the RPE. The num ber of Ki67 positive cells found in the RPE of 
pigmented animals was relatively small, being of the order of 20-30 in each retina. 
In contrast, in albino retinae this num ber was m arkedly larger, being in the order 
of 200-300 (Figs. 39C and D). Thus the num ber of cells in the cell cycle in albino 
retinae was approximately ten times greater than that found in pigm ented animals 
(Fig. 40C).
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Figure 37.Labelling patterns in whole-mounted eye pigmented cups looking down at 
the RPE surface. (A) is an RPE cell positive for Ki67 in the apparent anaphase. (B) 
shows the same cell labelled with RPE65, and (C) the same cell stained with DAPI 
revealing the nuclei of the cells. (D), (E) and (F) are similar preparations; however, in 
this case the RPE cell positive for Ki67 has down-regulated RPE 65 to a level just above 
that found in negative controls. (G) is again a Ki67 positive cell, but in (H) it has been 
labelled with a second RPE-specific marker CRALBP, again confirming that it is an 
RPE cell. (I) is the DAPI image. (J) is a Ki67-positive cell where the melanin granules 
can be clearly identified around the labelled nucleus, confirming its identity as an RPE 
cell. (K) is an RPE cell positively labelled with the cell cycle marker PCNA and L is the 
DAPI image of the same cell. Scale bar = 10pm.
Figure 38. Images of a flat-mounted retina from a P60 albino rat. (A) & (B) show 
binucleated Ki67-positive RPE cells with the corresponding RPE65 labelling. (C) & (E) 
show two positive Ki67 cells which appear to have the same origin with their 
corresponding RPE65 labelling in (D) & (F) respectively. (G) & (H) show four positive 
Ki67 cells; the arrow points at an RPE which is anaphase of the cell cycle. Scale =20pm.
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Figure 39. The distribution and relative number of Ki67 cells in pigmented and albino 
retinae. In both pigmentation phenotypes the distribution of Ki67-positive cells was 
strongly biased towards the retinal periphery, with a few spreading into equatorial 
regions (A and B) ANOVA, P< 0.0001. Equatorial versus peripheral, Newman Keuls P<
0.001. (C) and (D) are outline diagrams of retinae showing the distribution and density 
of Ki67 cells in both pigmented and albino rats. On average, the total number of 
positive Ki67 cells in pigmented rats was 25 ± 5 cells/retina whereas in albino rats it 
was 250 ±50 cells/retina (N=5).
Figure 39 shows that aging reduces the num ber of proliferative cells in both 
pigm ented and albino rats. At 360 days, only 8-10 Ki67-positive cells were found 
in DA rats, which was significantly less than w hat is found at 2 months (PO.OOOl) 
and only around 15 in albino ones, which again was a statistically significant age- 
related reduction (PO.OOOl). In spite of this decline, the numbers found in albino 
animals still rem ained significantly higher than in the age-matched pigmented 
animals (PO.01).
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Figure 40. Graphs A and B show the effect of age on RPE cell 
proliferation in both pigmented and nonpigmented animals. Both graphs 
show a statistically significant decrease in levels of proliferation with age 
(pigmented P = 0.0001; albino P = 0.0007). Graph C shows approximately a 
ten-times increase in Ki67-positive cells found in the albino rats compared 
with the pigmented ones, with a statistical significance of Newman-Keuls 
(P< 0.01). Graph D shows a reduction in proliferation with age in both 
pigmented and non-pigmented animals, but the proliferation is still more 
significant in albino rats (P= 0.0076; N=5).
The presence of Ki67-positive cells was also confirmed in human tissue (Fig. 41), 
however, given that only a small sheet of hum an RPE was examined, it was not 
possible to determ ine their num ber or distribution, only to confirm their presence.
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Figure 41. A grey scaled image of human retina showing Ki67 labelling of an RPE 
cell. While these cells were clearly present, only a small strip of tissue was stained 
running from equatorial to peripheral locations. Hence, it was not possible to 
estimate the number of these cells or map their retinal location. Scale bar =10pm.
The RPE is generated as a m onolayer prenatally, but by the second week of life in 
rats a large cell population undergoes nuclear division, which does not appear to 
translate into full cell division, leaving a cellular population that is largely bi­
nucleated (Stroeva and M itashov, 1983). Figure 42 shows the distribution of bi­
nucleated cells in P60 pigm ented and albino rat retinae that have been divided into 
central, equatorial and peripheral retinal regions. In both pigmentation phenotypes 
approximately 75% of central RPE cells were binucleated and few contained more 
than two nuclei. The percentage of binucleated cells decreases slightly in the 
equatorial region of pigm ented animals to approximately 65%. However a 
significant decrease in the num ber of binucleated cells was observed in peripheral 
retinae of both pigm entation phenotypes, where only 10-20% of cells contained 
more than one nucleus.
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Figure 42. In adult rodent retinae many of the RPE cells are binucleated. The 
proportion of these have been determined in both pigmented (A) and albino (B) 
retinae. In both pigmentation phenotypes the majority of the binucleated cells are 
located towards the central retina, although many are also found in equatorial 
regions. In this respect the distribution of these cells is the reverse pattern of that 
found for Ki67-positive cells revealed in Figure 4. The differences in (A) and (B) 
are statistically significant (ANOVA, P<0.001). In both cases the small differences 
between central and equatorial regions were not significant. However, differences 
between central and peripheral regions were statistically significant (Newman- 
Keuls, P<0.01), as were those between equatorial and peripheral areas (Newman- 
Keuls, P<0.01; N=5).
As the retina develops w ith a centre to periphery gradient (Mann, 1964), such that 
late cell division occurs in the peripheral retina, it is natural to ask whether the 
relatively peripheral patterns of Ki67 labelling found in the mature RPE are not 
simply a reflection of those patterns present during late development, or whether 
they represent a distinct and separate event.
RPE flat m ounts from pigm ented animals at progressive stages from E l8 through 
the postnatal period and into m aturity were immune stained with Ki67. 
Unfortunately, it was not possible to generate retinal whole-mounts of sufficient 
quality prior to E l8 consistently w ithout inducing some damage to the periphery 
that resulted in loss of labelled cells. At all stages of development, few if any Ki67-
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positive cells were identified in the central region, rather they were confined to the 
equatorial and peripheral regions of the retina (Fig. 43).
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Figure 43. (A) Outline diagrams of the relative location and distribution of Ki67- 
positive RPE cells (black dots) in developing retina of P0-P360 pigmented rats. At 
all ages labelled Ki67 cells are mainly distributed in the peripheral and equatorial 
retinae and their numbers decrease with age. (B) Ki67-positive cells at different 
stages of the cell cycle (arrow pointing to anaphase and metaphase) from 
postnatal day 5 pigmented rats. Scale bar =10pm.
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At E l8 approxim ately 50 Ki67-positive cells could be identified in the RPE whole- 
mounts of pigm ented animals. However, three days on from the day of birth, there 
was a large increase in the num ber of positive cells found, from around 50 to 
approximately 260, which is statistically significant compared to the earlier time 
point (Newman-Keuls, PO.OOl; Fig. 44A). From this point onward the number of 
positive cells declined gradually until around postnatal day 20/30, when their 
number reached com parable levels to those found in older animals.
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Figure 44. The number of Ki67-positive cells found in the RPE flat-mounts of 
pigmented animals sampled from embryonic day 18 (El 8) through to PI50 and 
albino ones from P10 to P60. (A) Relatively few cells are in the cell cycle at E18, 
which is when the normal patterns of cell division in the developing tissue are 
coming to an end. However, there is a marked increase (ANOVA, PcO.OOOl) in the 
number of these cells on the day of birth (0) which is statistically significant 
compared with the earlier time point (Newman-Keuls, PO.OOl). From that point 
their number gradually declines with age. (B) shows similar patterns of cell 
division in the developing albino rats with a marked decline at approximately 
PI5-20 (N = 5).
The analysis in albino rats d id  not cover as extensive a time period as in the 
pigmented animals. The patterns of Ki67 labelling through postnatal development 
were nevertheless similar to pigm ented rats, although the absolute number of 
positive cells found was m arkedly elevated (Fig. 44B). These data are consistent
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with the notion that the increase in cell labelling found in the RPE around the time 
of birth may represent a distinct and separate event from earlier patterns that 
established this cellular population.
To find out if the Ki67-positive cells in the periphery were dividing or undergoing 
only nuclear division to become binucleated, a comparative analysis of the number 
of binucleated cells in P20 and P60 pigm ented animals was undertaken. If the 
nuclei of RPE cells are dividing but not the cytoplasm, then the num ber of 
binucleated cells should increase with age in the periphery. Figure 45 shows that 
there was no significant increase in the num ber of binucleated cells in the older 
animals which were binucleated. Furthermore, I identified some cells which were 
Ki67 positive that possessed tw o labelled nuclei and morphologically appeared to 
be passing through full cell division, establishing a cytoplasmic membrane 
between their nuclei. These cells did not appear to fit well into the geometric 
configuration of the regular RPE (Fig. 46).
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Figure 45. The graph shows the percentage of RPE cells that are binucleated in 
the peripheral retina in both young (P20) and adult (P60) pigmented rats. There is 
no significant change in the number of binucleated cells seen in the periphery in 
young rats compared to an adult in pigmented animals. (P= 0.7302; N=5).
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Figure 46. In the peripheral retina a small number of cells could be identified that 
appeared to be passing through full cell division. In the two cases shown, two 
Ki67+ nuclei can be identified that appear to be forming a plasma membrane 
between them. Further, the two together appear irregular in the RPE cell matrix 
(Scale bar = 10 pm).
To confirm cellular division six DA rats were injected with BrdU for 20 days and 
then im m une labelled w ith BrdU. Figure 46 (A, B) shows binucleated RPE cells 
positively labelled for BrdU and Otx2 which is an RPE cell marker. Almost all 
mononucleated cells were found in pairs adjacent to one another, indicating that 
these cells had a common origin and had completed cellular division (Fig. 47C). 
Here BrdU-labelled cells were found within the peripheral proliferative zone, 
which was occupied by Ki67 positive cells (Fig. 47D). However, 16% of BrdU 
positive cells m igrated tow ard the equatorial and central retina (Fig 48).
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Figure 47. BrdU labelling in mature RPE cells. (A) & (B) show a double-labelled cell 
with BrdU on a red channel and Otx on a green channel which is an RPE-specific cell 
marker. (C) shows two adjacent mononucleated cells which have common origins 
indicating complete cellular divisions. Scale bar = 20pm. Line drawing (D) represents a 
flat-mounted retina double-labelled for Ki67 and BrdU. The diagram shows the 
distribution of positive binucleated (black dots) and mononucleated (black circle) and 
BrdU cells. The mononucleated cells were almost always found in pairs in close 
proximity. The red dots represent the relative distribution and density of Ki67-positive 
RPE cells which show similar distribution to BrdU positive cells. (Scale bar= 2.5 mm).
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Figure 48. The graph illustrates the percentage of BrdU positive cells that 
migrated centrally beyond the peripheral proliferative zone. An average of 16% 
of BrdU-labelled cells migrated from the peripheral zone, which is normally 
occupied by Ki67 positive cells, toward equatorial and central regions of the 
retina. (N=3)
To identify w hat proportion of cells undergo full cellular division as opposed to 
only nuclear division, the num ber of mononucleated BrdU positive cells which 
were in close proxim ity (indicating similar origin) were counted and compared to 
the num ber of binucleated BrdU positive cells. As the animals were sacrificed 20 
days after the last BrdU injection, we were expecting all labelled cells to be 
mononucleated indicating that they have undergone cellular division as opposed 
to nuclear division. However, the total num ber of positive BrdU cells was 150 cells, 
of which 75% were binucleated and 25% mononucleated (Fig. 49). This indicates 
that only 25% of RPE cells w ere capable of completing cellular division and the rest 
had undergone nuclear division.
131
1 0 0 1
Binucleated and mononucleated 
Brdu positive RPE cells
1  75-
2 5-
O
0
Mononucleated Binucleated
Figure 49. The graph compares the percentage of mononucleated positive RPE 
cells to binucleated positive BrdU cells in pigmented rats. On average the total 
number of labelled Brdu cells is 150 + 20 cells/ retina. Of these cells, 25% are 
mononucleated, these undergo cellular division, and the remaining 75% of 
binucleated cells are probably cells withheld within the cell cycle (P<0.0001).
5.2.2 RPE65 and Ki67 colocalization
The level of RPE65 protein expression is higher in pigm ented rats than in albino 
rats (Iseli et al,  2002). This difference was observed in two pigm ented phenotypes 
as a difference in the density of RPE65 labelling. In albino rats the density of RPE65 
labelling varied across the retina. Some RPE cells showed negative or low density 
labelling of RPE65, w hereas other cells showed normal labelling of RPE65. The 
distribution of these cells was random  across the retina. In pigmented animals the 
entire retina was positive for RPE65 and the control showed a black image (Fig. 
50C). However, the density of labelling varied from the central to peripheral 
regions of the retina. In the central retina the density of RPE65 labelling was higher 
than in the periphery, show ing clearly the hexagonal structure of each cell with the 
central tw o nuclei. The peripheral region showed a lower level of intensity of 
labelling com pared to the control and both the structure and the nucleus were not 
very clear (Fig. 50).
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Figure 50. The difference in RPE65 density labelling between the peripheral and 
central retina in a P60 pigmented animal. (A) Image of the low density labelling 
of RPE65 in the peripheral retina, here the distribution of RPE65 is mainly 
observed in the cell membrane. (B) Image of the normal intensity of RPE65 
labelling in the central retina, which shows a clear distribution of the labelling in 
the entire RPE cell. (C) shows control image without the RPE65 antibody. Scale 
bar=20pm.
The other im portant observation was the relationship between Ki67-labelled cells 
and the density of RPE65 labelling. In pigmented animals there was approximately 
75% colocalization between Ki67-positive cells and low density labelling with 
RPE65 (Fig. 51). This relationship could be simply related to the peripheral 
distribution of Ki67-labelled cells. However, this relationship was also observed in 
albino animals where approximately 70% of Ki67-labelled cells were negative for 
RPE65. This may suggest that there is a relationship between the expression of 
RPE65 and RPE cell proliferation.
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Figure 51. The graph shows the percentage of colocalization of Ki67 labelling 
with RPE65 low density labelling in both pigmented and albino rats. In both 
groups the percentage of localization was 60-70% of the total number of Ki67- 
positive cells (N=5).
5.2.3 Effect o f  L-DOPA on RPE cell proliferation
Insufficient levels of L-DOPA in albino animals are considered responsible for 
abnormal developm ent of the underlying neural retina (as reviewed by Jeffery 
(1997). In addition, albinos have abnorm al patterns of cell production in the 
developing retinae, as the num ber of mitotic figures is elevated compared with 
age-matched retinae from pigm ented animals. The addition of L-DOPA normalizes 
this abnorm ality (Ilia and Jeffery, 1999; Tibber et al., 2006). Furthermore, 
exogenous dopam ine significantly prolongs mitosis in retinae from albino, but not 
pigm ented animals (Kralj-Hans et al., 2006). Here we explore the effect of L-DOPA 
on RPE cell proliferation in both pigm entation phenotypes from postnatal day 60. 
An intra-peritoneal injection of L-DOPA was given to both albino and pigmented 
animals and then the retinae were analysed for the number of Ki67-labelled cells 18 
hours post injection. Figure 46 shows that giving an injection of L-DOPA decreases 
the num ber of Ki67-positive cells in pigm ented rats (P= 0.0043) but had no effect on 
albinos (Fig. 52).
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Figure 52. The effect of an 18-hour L-DOPA injection on the level of proliferation 
in pigmented and non-pigmented animals. Graph A shows a decrease in the 
number of Ki67-134 positive cells in P60 pigmented animals due to an L-DOPA 
injection P=0.0043, whereas graph B shows no effect of L-DOPA on the level of 
proliferation in P60 non-pigmented animals.
5.2.4 The light-adaptive sta te  o f  the retina
Intraocular lum inan levels are m uch greater in albino eyes. It was thus of interest 
to find out if it is the case that the greater light levels experienced by albinos due to 
the absence of light-absorbing melanin in some way contributes to different 
patterns of RPE cell proliferation. Furthermore the light/dark cycle of the day has a 
fundamental role in m any processes that take place in the retina. One important 
example is photoreceptor outer segment (POS) phagocytosis (Saari et al., 1994), 
where outer segment phagocytosis of rods takes place shortly after the beginning 
of the light period and outer segm ent phagocytosis of cones takes place in the dark 
(Young and Bok, 1969). This process may represent one method of communication 
between the neural retina and the RPE, which could be manipulated by prolonged 
dark or light adaptation (LaVail, 1980,, 1983).
To find out w hether increased phagocytosis of either rods or cones has any affect 
on RPE cell proliferation, I m anipulated the light-dark cycle. Here pigmented 
animals were placed in either an extended light period of 27 hours, which would
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result in an increase in rod phagocytosis, or in an extended dark period of 17 or 40 
hours, which w ould increase cone phagocytosis. Figure 37 shows that placing the 
animal in an extended light or dark period did not have an effect on the level of 
proliferation in RPE cells (Fig. 53).
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Figure 53. The effect of light and dark adaptation on RPE cell proliferation in P60 
pigmented animals. (A) DA rats were dark adapted for 17 and 40 hours; the 
graph shows no effect of dark adaptation on the number of Ki67 positive cells. (B) 
DA rats were light adapted for 27 hours; here also the graph shows no effect of 
light adaptation on the number of Ki67-positive cells (N=5).
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4.6 Discussion
I have shown, using three independent markers for proliferation (Ki67, PCNA, 
BrdU) and three independent functional m arkers of RPE cells (RPE65, CRALBP, 
Otx), that a proportion of m ature RPE cells has the capacity to enter into the cell 
cycle and complete cellular division in the peripheral retina and to a lesser extent 
in equatorial retinal regions. The num ber of these proliferating cells is very 
significantly elevated w hen p igm ent is absent.
At every stage of developm ent examined, the distribution of binucleated cells was 
largely confined to central and  equatorial regions alone, and that of Ki67 positive 
cells to equatorial and  peripheral regions. Hence, we find no evidence that 
geographic patterns for the tw o populations are dynamic; Ki67-positive cells 
remain confined largely to the periphery  and binucleated cells are mainly located 
centrally, irrespective of the postnatal age.
A question that arises from  this study is w hat proportion of cells identified here 
are going through full cell division com pared with nuclear division alone? The 
weight of evidence suggests that at least some of these cells are going through full 
cell division, based on the stability of the binucleated population in the periphery, 
and the m orphological identification of dividing cells. Furthermore, of those cells 
labelled w ith BrdU approxim ately 25% were capable of completing cellular 
division and approxim ately 16% appeared to be migrating tow ard central retina. 
RPE cell m igration, from  central to peripheral retina to replace apoptotic central 
RPE cells, has been suggested by Del Priore et al 2002. However, we can not rule 
out the possibility that a very slow rate of RPE cell proliferation is taking place in 
central retina, which could have been picked up  by repeated injections of BrdU.
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Both pigm ented and albino rats were used, as albino photoreceptor num bers are 
significantly reduced (Jeffery et a l , 1994a; Jeffery et al, 1997; Grant et al, 2001) and 
this reduced contact betw een the two tissues may mimic in a small way the 
changes found w hen the retina is detached which results in RPE cell proliferation 
(Anderson et al., 1981a). Also, during  developm ent albino retinae are abnormally 
proliferative due to the absence of L-DOPA, a key cell-cycle regulator and an 
upstream  element in m elanin synthesis (Ilia and Jeffery, 1999; Tibber et al., 2006).
When the level of proliferation betw een pigm ented and hypopigm ented animals 
was com pared there w as an increase of ten times in the num ber of Ki67 positive 
cells in the latter group, which m ay indicate a possible role for either L-DOPA or 
the num ber of photoreceptors on RPE cell proliferation. Further, in both pigm ented 
phenotypes approxim ately 70% of cells which were positive for Ki67 expressed 
low levels of RPE65. As the level of RPE65 is lower in albino animals compared to 
pigmented ones (Iseli et a l, 2002), this could be another factor influencing the level 
of proliferation in albino rats.
In the light of these results I exam ined two factors for a possible role in RPE cell 
proliferation. The first factor is the effect of L-DOPA, a key cell-cycle regulator (Ilia 
and Jeffery, 1999; Tibber et al., 2006), on both pigmentation phenotypes. The 
second is the effect of the level of illum ination on proliferation, as intraocular 
luminan levels are m uch greater in albino eyes. Could it be the case that the greater 
light levels experienced by albinos, due to the absence of light-absorbing melanin, 
in some w ay contributes to different patterns of RPE cell proliferation? A possible 
route for this m ight be their ow n ability to detect light levels via intrinsic 
expressions of m elanopsin (Peirson et al, 2004; Peirson and Foster, 2006). In 
addition, the light/dark  cycle affects m any physiological processes in the retina 
such as the concentration of retinal dopam ine (Wirz-Justice et al, 1984) and
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photoreceptor outer segm ent disk shedding (LaVail, 1976, , 1980). Hence, I 
increased illum ination levels in pigm ented phenotypes to see if there is a 
significant variation.
Increasing the levels of endogenous L-DOPA had a significant increase on the 
num ber of proliferative RPE cells in pigm ented animals but not albinos. Since 
neural cells play a role in converting L-DOPA in dopam ine cells (Kubrusly et al.,
2003), the reduction in the effect of L-DOPA in albinos may be due to a reduction 
in neural cell density (Jeffery and  Kinsella, 1992; Jeffery et al, 1994b). On the other 
hand changing the level of illum ination had no effect on a num ber of proliferative 
RPE cells.
Why has cell division in the m ature RPE not been identified before and why might 
it occur? Rodent RPE is rarely view ed in whole-m ount because it is very difficult to 
remove as a coherent tissue w ithout significant damage. For this reason it is 
commonly view ed in section, w here this im portant, but relatively sparse, cell 
population w ould be hard  to identify. Examination of normal adult cat retinae, 
labelled w ith tritiated thym idine to m ark dividing cells, failed to produce positive 
labels in the RPE (A nderson et al, 1981b). Ts'o & Friedman (1967) noted two 
mitotic nuclei in m ature albino retinae, bu t these could have been dividing nuclei 
as opposed to dividing cells, and w ere not noted in other retinae used in their 
study. An additional reason w hy these cells have not been identified is simply that 
no investigation hitherto  has used cell-cycle markers such as Ki67 or BrdU on 
w hole-m ounted m ature RPE. In spite of this, a proliferative zone in the neural 
retina and the RPE at the retinal m argin has been noted at an early stage in the 
hatched chick (Fischer and  Reh, 2000; Fischer, 2005) and here the level of 
proliferation was of sufficient m agnitude to be obvious in section, but it is unclear 
for how  long this w as sustained.
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Another im portant question that arises from this study is: Why is it only the 
peripheral retina that has the capacity to proliferate and can these proliferative 
cells act as progenitor cells? Previous in vitro experiments on adult bovine RPE 
cells have show n that RPE cells from  the periphery have higher proliferative 
capacity than do RPE cells derived from the posterior pole (Burke and Soref, 1988). 
This was also observed in cultured hum an RPE where cells from peripheral areas 
entered the proliferative phase earlier than cells from the macular region (Flood et 
al., 1984). In addition, in gene analysis studies, two cell-cycle genes were found to 
be upregulated in the peripheral retina and not in the central retina (Ishibashi et 
al., 2004). However, the m ost revealing in vivo experiment, comparing the 
proliferative capacity of RPE cells in the central and peripheral regions of the 
retina, was done by Kiilgaard and  colleagues (2007). They showed that in porcines, 
experimental surgical injury of the RPE below the central retina was followed 
within 48 hours by a peripheral, bu t not central, proliferation of RPE cells 
(Kiilgaard et al, 2007). In addition, a recent study showed that postnatal chickens 
have a zone of proliferating cells at the peripheral m argin of the retina, similar to 
that of fish and am phibians (Straznicky and Gaze, 1971; Johns, 1977; Fischer and 
Reh, 2000). The above studies clearly show that RPE proliferative capacity is 
controlled by regional distribution, how ever the reason for this is unknown.
In rat retinae I found no histological difference between central and peripheral 
RPE cells, as discussed in chapter 2. In this study, however, I did observe an 
interesting difference betw een the central and the peripheral retina. In pigmented 
animals, the density level of RPE65 labelling was lower in the peripheral cells than 
in the central retinal cells, which m ay indicate a down-regulation of RPE65 in the 
periphery. H ow ever in albinos, m ore cells were observed to have a low RPE65 
density and they were random ly distributed. This could be due to lower 
expression of RPE65 in albino animals (Iseli et al, 2002). Furthermore, in both
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pigm entation phenotypes 70% of cells which were labelled for Ki67 were also 
down-regulating RPE65. This m ay indicate a relationship between down- 
regulation of RPE65 and the capacity of RPE cells to proliferate. It is of interest here 
that am phibians' m ature RPE cells also express the tissue-specific marker RPE65. 
However, following retinal rem oval, RPE cells down-regulate RPE65 while 
proliferating and transdifferentiating, and it is only up-regulated w hen retinal 
production is complete and  transdifferentiation ceases (Chiba et al., 2006).
During the developm ent of the eye, a group of founder cells in the optic vesicle 
gives rise to m ultipotent progenitor cells that generate all the neurons and glia of 
the m ature retina (W etts and  Fraser, 1988). In m ost vertebrates, a small group of 
retinal stem cells persists at the m argin of the retina, near the junction with the 
ciliary epithelium . In fish and  am phibians, the retinal stem cells continue to 
produce progenitors th roughout life, adding new  retina to the periphery of the 
existing retina as the eye grows (Raymond and Jackson, 1995). While in 
amphibians and fish new  neurons are added in the retinal periphery throughout 
the life of the animal, retinal histogenesis in mammals occurs only during 
developm ent and is com pleted in the rodent at postnatal days 11-12 (Young, 1985). 
In addition, a recent study  show ed that postnatal chickens have a zone of 
proliferating cells at the peripheral m argin of the retina, similar to that of fish and 
amphibians (Straznicky and Gaze, 1971; Johns, 1977; Fischer and Reh, 2000).
If the peripheral RPE is undergoing  gradual cell addition, then it is probable that 
this is a process that replenishes the tissue when it is subjected to normal age- 
related cell loss. However, a confounding factor in attem pting to understand what 
these cells are doing is that we have no idea of how  long their cell cycle is. No data 
exists for RPE cell-cycle length during  development. The retinal cell-cycle lengths 
vary with tim e from  around  10/14h early in development to more than 30h when
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the last retinal neurons are added  around postnatal day 4 (Young, 1985). Because 
of this it is possible that the cell cycle in the m ature animals studied here could be 
taking weeks.
Here I dem onstrate that m ature RPE has a proliferative capacity that is rare in the 
mammalian CNS. A recent in vitro study  showed that adult hum an RPE cells, even 
from elderly persons, are capable of transdifferentiating into neurons, although the 
ratio of m ature neurons w as greater in the young than in the old cell line 
(Amemiya et al., 2004). This capacity is enhanced if the retina is removed 
(Anderson et al., 1981b). Some am phibians have the ability to take this a stage 
further and are able to regenerate a new  retina from transdifferentiation of the 
proliferating RPE population (Chiba et al., 2006). M ammals seem to have retained 
an element of this process in their ability to proliferate, bu t appear to lack the 
regulatory elem ents necessary to control RPE proliferation appropriately and 
induce transdifferentiation. However, if entry into the cell cycle and division of 
these cells could be regulated, it w ould  have very significant implications for 
disease processes w here the RPE is either lost or damaged, such as age-related 
macular degeneration, and  the im portant question w ould be what determines the 
proliferation of these cells?
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Chapter 6
Changes in RPE cell gene expression after retinal
detachment
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6.1 Introduction
6.1.1 Retinal detachment
Retinal detachm ent is the separation of the neural retina from the retinal pigment 
epithelium (Fig. 54) and clinically it could occur for a number of reasons. First, due 
to a tear in the retina that allows fluid to pass from the vitreous space into the 
subretinal space, which is called rhegmatogenous retinal detachment. Second, due 
to the accumulation of fluid under the retina with out a tear due to inflammation 
or vascular abnormalities, this is called exodative retinal detachment. Third, 
tractional detachment, which occurs when fibrovasclar tissue pulls the sensory 
retina from the RPE.
Figure 54. 3-D Schematic image of the retina showing retinal detachment. The 
neural retina has dissociated from the back of the eye in the inferior quadrant. 
Retinal detachment may occur as a result of retinal tear. A break in the retina 
allows vitreous fluid to leak behind the retina causing it to separate from the RPE. 
Adopted from Steven Fisher (www.shands.org/health/ surgeries/100132.html).
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In hum an retinal detachm ent starts a cascade of events resulting in cellular 
changes in the retina. Several studies have been undertaken to analyse the 
neuronal changes associated with retinal detachment in an attempt to understand 
the pathogenesis associated w ith this. Figure 55 shows a summary of the changes 
associated with retinal detachment. These changes included loss of structural 
integrity and apoptotic death of photoreceptor cells, neurite outgrowth from 
second-order neurons, proliferation of non-neuronal cell types, and extensive 
hypertrophy of Muller cells (reviewed by Sethi et al, 2005).
Figure 55. A schematic diagram of normal retina on the left and the remodelling 
that occurs due to retinal detachment on the right. 1. The outer segments of rod 
(R) and cone (C) photoreceptors are greatly shortened and separated from the 
apical surface of (RPE). 2. The synaptic terminals of many rods are withdrawn 
from the outer plexiform layer (OPL) and the dendrites of rod bipolar cells (RB) 
grow into the outer nuclear layer (ONL). 3. The axon terminals of the B-type 
horizontal cell (HB) terminate next to withdrawn rod spherules or grow wildly 
into the outer retina, and often into the subretinal space. 4. A subpopulation of 
ganglion cells (G) extend short spiky processes from the base of their cell body 
after detachment, but can also grow thickened processes into the outer retina. 5. 
Astrocytes (A) proliferate and often appear in epiretinal membranes. Adapted 
from (Fisher et al., 2005)
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An im portant consequence of retinal detachm ent is the cellular proliferation of the 
RPE cells (Fisher et al., 1991), which can continue for some time after retinal 
reattachm ent (Lewis et al., 2002). However, this proliferative capacity varies 
between different species. For example, in cat, rabbit and hum an , the RPE cells 
proliferate w ithin a day or tw o after detachm ent (Anderson et al., 1981a), whereas 
in California ground squirrel, the RPE rem ains senescent (Linberg et al., 2002). In 
humans, proliferative RPE cells m igrate and participate in the formation of 
epiretinal m em branes and  contribute to the pathogenesis of m any retinal diseases 
that lead to vision loss, such as proliferative vitreoretinopathy (Hiscott et al., 1999).
RPE cell proliferation in retinal detachm ent is an intriguing process, however, the 
signalling and m olecular m echanism s underlying it are not yet known. In many 
vertebrates, cell divisions are driven by extracellular signals know n as mitogens. 
These alter the expression or activity of cyclic dependent kinases (CDKs), which 
are regulatory proteins. The ability of CDKs to trigger cell cycle events is 
dependent on an associated cyclin subunit, whose oscillating concentrations 
underlie CDKs activity (Morgan, 1997). The mammalian cell division cycle is 
m itogen-dependent. The progression of the cycle though the first gap phase (Gl) 
and initiation of DNA synthesis (S) is regulated by several cyclin and cyclin- 
dependent kinases (Fig 56). The balance between CDK activation and inactivation 
determines w hether cells proceed through Gi into S phase, and from gap phase 
(G2) to m etaphase (M). The involvem ent of different mitogens, such as different 
growth factors in the stim ulation of RPE cell proliferation, has been thoroughly 
investigated (Grant et al., 1990; Leschey et al., 1991; Kishi et al., 1994; Spraul et al., 
2000).
In am phibians, com plete rem oval of the original retina results in regeneration of a 
new functional retina, even in adults (Reyer, 1977; Reh and Pittack, 1995). The
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regenerated retina originates prim arily from the RPE cells (Keefe, 1973; Klein et al., 
1990). Following retinal removal, the RPE cells begin to proliferate and quickly 
form two layers of cells instead of their norm al single layer. These cells then begin 
to lose their pigm entation and genes normally expressed by RPE cells, such as 
RPE65, are dow n-regulated (Chiba et a l , 2006).
Figure 56. The different phases of the cell cycle. In the first phase (Gl) the cell 
grows. When it has reached a certain size it enters the phase of DNA-synthesis (S) 
where the chromosomes are duplicated. During the next phase (G2) the cell 
prepares itself for division. During mitosis (M) the chromosomes are separated 
and segregated to the daughter cells, which thereby receive exactly the same 
chromosome set up. The cells are then back in G l and the cell cycle is completed. 
The progression of the cell cycle is dependent on cyclin and cycline dependent 
kinase. The progression of the cell cycle from G l to S phase and from G2 to M 
phase in dependent on cyclin and cycline dependent kinase (CDK). Adapted from 
Leland H. Hartwell work.
(http://nobelprize.org/nobel_prizes/medicine/laureates/2001/press.html)
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In am phibians, com plete rem oval of the original retina results in regeneration of a 
new functional retina, even in adults (Reyer, 1977; Reh and Pittack, 1995). The 
regenerated retina originates prim arily  from the RPE cells (Keefe, 1973; Klein et al., 
1990). Following retinal rem oval, the RPE cells begin to proliferate and quickly 
form tw o layers of cells instead of their norm al single layer. These cells then begin 
to lose their pigm entation and  genes norm ally expressed by RPE cells, such as 
RPE65, are dow n-regulated (Chiba et al., 2006).
The regenerative capacity of RPE cells w as also dem onstrated in early embryonic 
chick retina by the w ork of Coulom bre (1965). Here surgical removal of the retina 
in chick embryos results in the form ation of a new  retina in vivo from RPE cells, but 
in an inverted orientation (Coulom bre and Coulombre, 1965). In late embryonic 
chicks, RPE-based retinal regeneration does not occur spontaneously but can be 
induced by FGF (Park and Hollenberg, 1989, , 1991) and requires cell-cell 
interaction (Pittack et al., 1991). The factors that limit the competence of RPE cells 
in late embryonic and post-hatched chicks are not yet known. However, a recent 
study has show n that activin played an im portant role in blocking regeneration of 
RPE cells (Sakami et al., 2007). In m am m als, RPE proliferation due to retinal 
detachm ent has been reported  (Stevenson et al., 1988), however, RPE 
differentiation has not yet been reported.
Several studies have been undertaken  to identify the different factors that regulate 
RPE proliferation and redifferentiation in vitro and in vivo. The involvement of 
individual grow th factors in the stim ulation of RPE cell proliferation has been 
thoroughly investigated in different spacies, for example, fibroblast growth factor 
(Fgf), which is a m itogenic factor for a w ide variety of cells derived from the 
mesoderm and neuroectoderm  including the retina (Burgess and Maciag, 1989). 
FGFs are produced at a low level in RPE cells (Caruelle et al., 1989; Bost et al., 1994)
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and may inhibit apoptoss, as in retinal dystrophy, cell apoptosis is prevented by a 
single subretinal injection of exogenous Fgfl (Faktorovich et al, 1990).
The transdifferentiation of RPE cells is an intriguing process and although bFgf has 
been suggested as a m itogenic factor involved in RPE transdifferentiation, the 
molecular m echanism s rem ain  unclear. Recent studies have suggested that many 
common features exist betw een the gene expression of several transcription factors 
necessary for ocular developm ent (Callaerts et al, 1997) and regeneration of the 
retina in, such as Pax-6 and  N otch (Kaneko et al, 1999; Kaneko et al, 2001).
Aims o f  this s tudy
• Identify the tim e period  required for RPE cells to enter the cell cycle after 
retinal detachm ent.
• Analyse the d istribution of the RPE cells entering the cell cycle due to retinal 
detachment.
• Analyse the association betw een the size of retinal detachm ent and the 
num ber of cells entering the cell cycle.
• Assess the contribution of the cell entering the cell cycle to the RPE 
m onolayer (4.3.2).
• Analyse the expression level of different proliferative cells such as Ki67 and 
PCNA.
• Analyse the expression level of different stem cell m arker genes after retinal 
detachm ent such as:
1. N estin  is an in term ediate filament protein expressed in mitotically active 
CNS and PNS progenitor cells during early stages of development 
(Hockfield and  McKay, 1985; Cattaneo and McKay, 1990; Lendahl et al,
1990). D uring cell division the cytoplasmic and nuclear compartments
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require reorganization and partitioning into daughter cells. These 
processes are achieved by the help of microtubule, interm ediate filament 
and actin m icrofilam ents (Fuchs and Cleveland, 1998; Goldman et al., 
1999). U pon differentiation, nestin becomes downregulated and replaced 
by tissue-specific interm ediate filament protein (Zimmerman et al., 1994; 
Lothian and  Lendahl, 1997), bu t reappears transiently after injury to the 
CNS (Lendahl, 1997; Nam iki and Tator, 1999). Nestin is also found 
expressed in the ciliary body and iris pigm ent epithelium  of the adult 
m am m alian eye in vitro, w hich suggests that these two cell types may be 
used as m odels to investigate the biology of retinal stem cells (Ahmad et 
al., 2000; Asam i et al., 2007).
2. Pax6  belongs to a subfam ily of genes which contain both a homeobox and 
a second D N A -binding m otif know n as the paired box. Paired domain- 
containing gene products are transcription factors and are thus capable of 
executing a genetic program m e (Chalepakis et al., 1991). In humans, 
heterozygous loss of function m utation typically produce aniridia, a 
congenital panocular m alform ation associated w ith severe visual 
im pairm ent, how ever PAX6 gene w as also implicated in hum an 
anophthalm ia (Glaser et al., 1994). Studies of the distribution of Pax6 
expression during  developm ent in m ouse indicate that it is expressed in 
defined regions of the forebrain, optic cup, hindbrain, and spinal cord, as 
well as in the lens placode and nasal epithelium  (Gruss and Walther, 1992). 
H eterozygous m utations in the mouse Pax6 gene result in absence of the 
iris, as well as abnorm alities of the lens, cornea and retina. Homozygous 
defect is lethal and results in failure of ocular development (Grindley et al., 
1995).
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3. O tx  genes, O tx l and Otx2, are a homeodomain-containing transcription 
factor that plays an essential role in anterior head formation (Simeone et al.,
2002). In the vertebrate eye, Otx genes are initially expressed in the entire 
optic vesicle b u t their expression soon becomes restricted to the 
presum ptive RPE during  optic cup formation, where it is maintained 
throughout adu lthood  (Bovolenta et al., 1997; Simeone et al., 2002; 
M artinez-M orales et al., 2004). In hum an, OTX2 m utation may result in 
m icrophthalm ia th rough  failure of retinal differentiatiom reviewed in 
(Verma and Fitzpatrick, 2007). Mice deficient in Otx2 show clear defects in 
the patterning of the RPE, which is replaced by a neural retina-like 
territory (M artinez-M orales et al., 2001). Otx2 is involved in RPE 
differentiation and  is dow n-regulated in differentiation of RPE cells of the 
regenerating new t retina (Sakami et al., 2005).
4. Doublecortin (Dcx) is a m icrotubule-associated protein required for 
neuronal m igration. DCX w as previously shown to be expressed 
predom inantly in  the brain, and at high levels only during development, 
based on N orthern  analysis of hum an tissues (Gleeson et al, 1998). Based 
on W estern analysis, DCX w as highly expressed at 22 weeks gestation and 
at lower levels du ring  the early childhood developmental time points of 2 
years and 4 years of age, and very little was detected in adult brain 
(Gleeson et a l,  1999). In addition to the developmental role, expression of 
DCX rem ains high w ithin certain areas of the adult mammalian brain 
(Couillard-Despres et al, 2005). These areas, mainly the dentate gyrus and 
the lateral ventricle wall w ithin the olfactory bulb, retain the capacity to 
generate new  neurons into adulthood. DCX it transiently expressed in 
proliferating progenitor cells and newly generated neuroblasts (Brown and 
Gatter, 2002). A strong evidence for neuronal stem or progenitor properties
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exists for the cilary body  derived cells and it was found that these cells also 
expressed DCX (Engelhardt et al., 2004).
5. Sox proteins com prise a family of transcription factors having DNA- 
binding HM G dom ains (Pevny and Lovell-Badge, 1997). SOX1, SOX2, and 
SOX3 are initially expressed in the anterior neural plate and invaginating 
optic vesicle. H ow ever, during  the formation of the optic cup, SOX1 and 
SOX3 are dow n-regulated , while SOX2 is m aintained and restricted to 
neural retinal cells (Kamachi et al., 1999). To date, the importance of SOX 2 
in the nervous system  hes been highlighted by misexpression and 
dom inant interfering studies in m ouse cell lines, Xenopus, and chick 
embryos, which suggests that SOX2 m aintains neural progenitor identity 
(Mizuseki et al., 1998).
6. Six3 & Six6. Six m em bers of the Six gene family have been identified in 
mice (Sixl-6) (Boucher et a l,  1995; Heath et al., 1997) and hum ans (Sixl-6) 
and these code for transcription factors characterized by the presence of a 
hom eodom ain and  a Six dom ain (Kobayashi et al, 1998). Of these, only 
Six3 and Six6 are expressed during the early stages of eye development 
(Oliver et al., 1995; Jean et a l, 1999; Lopez-Rios et al, 1999). Six3 has a role 
in cell proliferation, an overexpression which results in the expansion of 
the rostral forebrain, while inactivation of Six3 results in the loss of 
forebrain structures including the retina (Loosli et al, 1998; Lagutin et al, 
2001). In the Six6 m utan t there is prem ature cell cycle exit implicating a 
direct role of Six6 in regulating the cell cycle (Iseli et al, 2002). 
Overexpression of Six6 in Xenopus has been shown to induce ectopic retinal 
tissue and expand the optic vesicle and the rostral neuroepithelium (Zuber 
et al, 1999; A bdouh and  Bernier, 2006).
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6.2 Result
6.2.1 Retinal detachment
Retinal detachm ent was undertaken on DA rats and the animals were sacrificed 18, 
24 or 48 hours after retinal detachment. In general, areas with retinal detachment 
had a large num ber of cells which were positive for Ki67 indicating that they had 
entered the cell cycle. In addition a small number of Ki67-positive cells were found 
in peripheral retina, how ever these cells were not associated with areas of 
detachment (Fig. 57). Immediately after retinal detachment, RPE cells did not enter 
the cell cycle and there was a latent period of approximately 12-18 hours followed 
by gradual increases in the num ber of Ki67 positive cells (Fig. 58). The peak in RPE 
cell proliferation was observed at 24 hours post detachment.
Figure 57. A. Image of a single Ki67 positive cell in a normal flat-mounted retina 
in pigmented animal without retinal detachment. B. Image of Ki67-positive cells 
located below an area of retinal detachment. Scale bar=20 pm
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Figure 58. The association between duration of retinal detachment and RPE cell 
proliferation. The number of labelled cells seen after 1 to 12 hours is not 
significantly different than the number seen in normal non-detached retina. The 
increase in the number of labelled cells seen at 18 hours is the significant response 
to retinal detachment, ANOVA= 0.0001. (N=5 for each time point)
To analyse the contribution of newly proliferative cells to the RPE monolayer, I 
measured RPE cell size, regularity and density in areas with retinal detachment 
and compared them with non-detached areas. Figure 59 shows that there was no 
significant difference in RPE cell density, size or matrix of irregularity between 
areas with retinal detachment and areas of non-detached retinae.
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Figure 59. The contribution of newly proliferative cells to the RPE monolayer. RPE cell 
density was measured by counting the number of RPE cells in 150 pm2 box below and 
away from retinal detachment. Within the same box the size and regularity of RPE 
cells were measured using MatLab. (A) The graph show no significant increase in cell 
density related to retinal detachment P=0.54. (B) RPE cell size also did not change 
under the detachment, P=0.12. (C) RPE cell regularity also was not affected by retinal 
detachment P=0.54. (N=5)
155
I hypothesised that an increase in the size of retinal detachment will also increase 
the num ber of proliferative cells. To assess the association between size of retinal 
detachm ent and the num ber of proliferative cells, the rats were divided into two 
groups, of which one group w as subject to superior retinal detachment, the second 
group to both superior and  inferior detachment. The result was that doubling the 
size of retinal detachm ent approxim ately doubled the num ber of proliferative cells. 
These cells are still localized to the area of retinal detachm ent (Fig. 60). In the retina 
with superior and inferior detachm ent the total num ber of proliferative RPE cells 
was approximately twice the num ber found in the retina with inferior detachment 
only (Fig. 61).
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Figure 60. Outline diagram of retina with Ki67 cell density and distribution after 
retinal detachment. (A) Superior retinal detachment. (B) Superior and inferior 
retinal detachment. The approximate number and distribution of Ki67 positive 
cells is represented by the small black dots. The total number of proliferative RPE 
cells in superior retinal detachment was 441 and for superior and inferior 
detachment was 1006. Scale bar 2mm
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Figure 61. The size of retinal detachment affects the number of proliferative RPE 
cells. Retinal detachment was induced in two groups of animal. One group had 
superior detachment and the second group had superior and inferior detachment 
to increase the size of detachment. The number of Ki67 positive cells was counted 
for each group. The group with superior and inferior retinal detachment showed 
approximately increase of double the number of proliferative RPE cells of the 
group with superior detachment only, Ttest P=0.0005. (N=5)
6.2.2 Gene expression in retinal detachment
RPE cell gene expression level after retinal detachment was analysed using 
quantitative RT-PCR. Here RNA was extracted from three groups of 7 pairs of 
retinae at 18, 24 or 48 hours after retinal detachment and three groups of 7 RPE 
sheets w ithout retinal detachm ent. First strand cDNA synthesis was undertaken at 
the same time for each group. Q uantitative RT-PCR was undertaken for different 
proliferative and stem  cell m arker genes. It was found that the level of two 
proliferative m arkers (PCNA, KI67) was elevated. However the increase in PCNA 
was statistically significant (P= 0.016) early, within 18 hours post retinal 
detachment, (Fig. 62), w hereas the level Ki67 was statistically significant (Ttest, 
PcO.0001) at 48 hours (Fig. 63).
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Figure 62. The graphs show the level of expression of PCNA at different times after retinal 
detachment; 18, 24 and 48 hours. (A) shows a statistically significant increase in the level of 
expression of PCNA 18 hours after retinal detachment (Ttest, P= 0.016). After 24 hours (B) and 
48 hours (C) the level of expression of PCNA decreases and becomes statistically 
nonsignificant. (N=7)
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Figure 63. The graph shows the level of expression of Ki67 at different times after retinal 
detachment; 24 and 48 hours. (A) Shows no statistically significant increase in the level of 
expression of Ki67 18 hours after retinal detachment, however after 48 hours the level of 
Ki67 expression increases to 4 times higher than control (Ttest, P<0.0001). (N=7)
Furtherm ore Nestin, w hich is a stem  cell marker, showed a statistically significant 
increase (P=0.006) in the level of expression within 18 hours after retinal detachment 
(Fig. 64). Im m unohistochem ical analysis also revealed the presence of Nestin 18 
hours after retinal detachm ent (Fig. 65). The level of expression of both Nestin and 
PCNA was dow n-regulated 24 hours after retinal detachment. The expression 
profile of m any other genes such as Crx, Dcx, Sox2, Six3, Six6, RPE65 and Otx was 
undertaken bu t failed to show  any statistically significant increase after retinal 
detachment.
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Figure 64. The graphs show the level of expression of Nestin at different times after retinal 
detachment; 18, 24 and 48 hours. (A) shows a statistically significant increase in the the level of 
expression of Nestin after 18 hours of retinal detachment (Ttest, P= 0.006). After 24 hours (B) 
and 48 hours (C) of retinal detachment the level of expression of Nestin decreases and becomes 
statistically nonsignificant. (N=7)
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BFigure 65. (A) An image of perinuclear Nestin labe'ling of RPE cells after 18 hours 
of retinal detachment. (B) The corresponding DAPI labelling of the same tissue.
5.6 Discussion
It has been shown using Ki67 as a cell-cycle marker that retinal detachment results 
in the entry of RPE cells into the cell cycle. This occurred after a latent period of 12- 
18 hours, bu t then increased gradually and peaked at 24-36 hours after retinal 
detachment. Doubling the size of detachm ent was also associated with doubling 
the num ber of proliferative cells, indicating a linear relationship between the size 
of detachm ent and the num ber of proliferative cells.
The newly proliferative cells did not contribute to the RPE monolayer and 
migrated to contribute in the formation of the subretinal membrane, which is a 
complication of retinal detachm ent or retinal tears (Kampik et al, 1981; Michels, 
1982; Hiscott et al., 1999). It is of interest to mention here that several studies have 
shown that RPE ce lls , which contribute to subretinal membrane, looks and behave 
different than the norm al RPE cells on bruch's membrane (Machemer and Laqua, 
1975; Machemer, 1977; M achem er et al, 1978; Grierson et al, 1994).
Analysis of gene expression showed an increase in the level of expression of 
Nestin, which is a stem cell marker, 18 hours after retinal detachment and this was
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also confirm ed at protein  level by immunohistochemical studies. In addition there 
was an increase in the level of expression of two proliferative markers, PCNA after 
18 hours and Ki67 after 48 hours of retinal detachment.
Several studies have show n tha t the adult m am m alian RPE retains the capacity to 
proliferate u n d er certain conditions; in response to injury (Miller et al., 1986), after 
cryotherapy (Laqua and  M achem er, 1976), or after retinal detachment (Anderson et 
al., 1981a). In some species RPE cells retain the capacity to transdifferentiate into 
new retinal cells.
Studies of the regenerative capacity of the am phibians were the first to identify the 
capacity of RPE cells to act as a source for newly generated neurons. These 
observed that devascularization-induced retinal degeneration in the frog is 
followed by the form ation of a new  retina by increased proliferation of the 
m arginal zone (Reh and  Nagy, 1987). The regenerated retina originates primarily 
from the RPE cell (Keefe, 1973; Klein et al., 1990). Furthermore, complete removal 
of the original retina results in regeneration of a new functional retina, even in 
adults (Reyer, 1977; Reh and  Pittack, 1995). Following retinal removal, the RPE 
cells begin to proliferate and  quickly form two layers of cells instead of their 
normal single layer. These cells then begin to lose their pigmentation and down- 
regulate the expression level of RPE65 (Chiba et al., 2006).
The trandifferentiating capacity w as also identified in embryonic chick retina in a 
m anner very sim ilar to that observed in the amphibian (Coulombre and 
Coulombre, 1965). In late em bryonic chiken, RPE-based retinal regeneration does 
not occur spontaneously  b u t can be induced by FGF (Park and Hollenberg, 1989,,
1991) and requires cell-cell interaction (Pittack et al, 1991).
162
As for m am m als, in vitro transdifferentiation of RPE cells is well documented. In 
the presence of FGF, cu ltu red  early embryonic rat RPE cells that have not yet 
acquired pigm ent develop to form  a retina-like multilayer structure containing 
neuronal cells tha t express m arkers of retinal ganglion, amacrine, and rod 
photoreceptors, how ever this ability was restricted to a certain age range (Zhao et 
al, 1995).
In am phibian an a ttem pt to find early activated genes has been m ade and several 
genes are described, a lthough  none have yet been identified as m aster control 
genes for retinal regeneration (Goto et al., 2006). Recent studies have shown that 
m any com m on features exist betw een the developm ent and regeneration of the 
retina in gene expression of several transcription factors necessary for ocular 
developm ent, For exam ple in situ hybridization study showed that the expression 
of N-Notch increases d u rin g  retinal regeneration of new t (Kaneko et al., 2001). In 
addition, Pax-6, the paired  hom eobox-containing gene, is expressed in 
neuroepithelial regenerating retina during  new t retinal regeneration (Kaneko et al., 
1999). Furtherm ore a recent s tudy  show ed that during retinal regeneration the 
expression of RPE65 and  Otx are dow n-regulated, whereas the level of expression 
of Pax6 is differentially u p  regulated (Sakami et al., 2005). In my study, an early 
upregulation of nestin  and  PCNA in proliferating RPE cells was observed 18 hours 
after retinal detachm ent, w hich w as followed by upregulation of Ki67 48 hours 
after retinal detachm ent. This m ay indicate that a sequence in gene activity is 
required for RPE prio r to differentiation.
Several studies have been undertaken  to identify the factors that regulate RPE 
proliferation and  redifferentiation in vitro and in vivo. The involvement of 
individual grow th factors in the stim ulation of RPE cell proliferation has been 
thoroughly investigated  in  different species, for example, fibroblast growth factor
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(FGF), w hich is a m itogenic factor for a wide variety of cells derived from the 
m esoderm  and neuroectoderm  including the retina (Burgess and Maciag, 1989).
In vitro studies show ed tha t fibroblast grow th factor 2 (FGF2) is a potent factor in 
stim ulating RPE proliferation in new ts as well as in embryonic avian tissue (Park 
and Hollenberg, 1989,, 1991; Pittack et al., 1991; Sakaguchi et al., 1997; Araki et al., 
1998). FGFs have been proposed  as candidate regulatory molecules for the 
response to retinal in jury  and  high levels of FGF1 production in proliferative RPE 
cells have been correlated w ith  proliferative vitreoretinopathy (Malecaze et al., 
1993). H ow ever, little is know n about the mechanisms underlying endogenous 
FGF-mediated RPE cell proliferation.
Insulin-like grow th  factor 1 (IGF1) is another growth factor that has been shown to 
play some supplem entary  role in the case of chick retinal regeneration (Fisher et 
al., 2001). Together w ith  FGF2, IGF1 has a strong synergistic effect on RPE cell 
differentiation. Interestingly a recent study show ed that RPE transdifferentiation 
into neural cells can only be seen w hen they were cultured with the underlying 
connective tissue (the choroids) and  they do not proliferate if cultured alone 
(Mitsuda et al., 2005).
In vitro studies have show n the im portance of RPE and choroid interaction in RPE 
cell proliferation and  differentiation in am phibian (Mitsuda et al, 2005). This was 
supported by reverse transcrip tion polym erase chain reaction (RT-PCR) of in vivo 
regenerating new t eyes show ing an unregulation in the expression of both FGF2 
and IGF1 in the choroids after retinal rem oval (Mitsuda et al, 2005). This indicates 
that the interaction betw een RPE cells and the choroids is im portant for RPE cells 
proliferation.
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In chicks, the process of transdifferentiation also requires interaction with some 
neural derivatives (Coulom bre and  Coulombre, 1965, , 1970). Furtherm ore an in 
vitro study show ed that RPE cells are m uch less susceptible to FGF2 than those 
combined w ith the underly ing  periocular connective tissue (Araki et al, 1998).
The above studies reveal th a t the tissue interaction between the RPE and the 
choroid plays an essential role in RPE transdifferentiation and, although the most 
im portant question has no t yet been answ ered (why the removal of the retina 
triggers RPE cells to proliferate and initiate transdifferentiation), there are several 
possibilities to address the question. One preferable possibility is that the 
persistence of the interaction of the intact retina-RPE tissue may inhibit RPE cells 
from responding to the choroids-derived factors by suppressing the FGF signal 
pathw ay w ithin RPE cells. A lternatively, the rem oval of the retina may cause the 
choroids cells to initiate FGF gene expression. The retina is a rich source of FGFs 
yet the RPE does not respond  to them , and further study on this subject has to be 
undertaken to identify the m echanism  involved.
Another factor show n to be im portan t in RPE cell regeneration is activin, which is 
a TGF|3 family signalling protein. Activin is an im portant developmental signal, 
im portant for the pattern ing  of the optic vesicle, and inhibition of activin signalling 
prevents norm al RPE differentiation (Fuhrm ann et al., 2000). A recent study 
showed that activin contributes to the loss of competence of the RPE to regenerate 
retina (Sakami et al., 2007). The addition of activin blocks regeneration from the 
RPE in chick em bryos, even in the presence of FGF, and activin inhibitor can 
reverse the developm ental restriction in FGF-stimulated neural retinal 
regeneration. Hence, it appears that, like the am phibian RPE, the RPE of higher 
vertebrates has the capacity to differentiate bu t it is inhibited from doing so 
through different signalling pathw ays.
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The precise signalling th a t m ediates RPE cell proliferation is not yet determined. 
An exam ple of these pathw ays is the mitogen-activated protein kinases (MAPKs) 
pathway. MAPKs are ubiqu itous enzymes involved in num erous cellular 
functions, including proliferation and program m ed cell death (Robinson and 
Cobb, 1997). Extracellular signal-regulated kinases (ERKs) 1 and 2 are the most 
well characterized M APKs (D aum  et al., 1994). A recent study has shown that the 
MAPKs pathw ay is involved in cell grow th during the induction of RPE cell 
proliferation (H ecquet et a l ,  2002).
Recently Sonic hedgehog  (Shh) has been implicated in regulation of RPE 
regeneration. Shh signalling is im portan t in several aspects of neural development, 
affecting both  proliferation and differentiation of cells throughout the CNS. Shh 
has been show n to negatively regulate regeneration from the RPE, and an 
antagonist to Shh can stim ulate this process in the chick embryo (Spence et al.,
2004). Shh has also been im plicated in adu lt neural stem cell proliferation (Lai et al,
2003). A recent s tudy  analysed the function of Shh in adult neurogenesis in the 
m am m alian eye using  m ice w ith  a single functional allele of the Shh (Moshiri and 
Reh, 2004). They found  an increase in num bers of neural progenitors at every stage 
of retinal developm ent and  in addition, these mice had persistent progenitors at 
the retinal m argin  for u p  to 3 m onths of age.
Finaly, a recent s tudy  show ed that E2F1, which is a transcription factor that 
promotes the cell cycle (Ishida et al., 2003), works as a cell cycle suppressor in 
differentiated neurons (O gata et al., 2001). Hence several studies have been 
undertaken to analyse the proliferative capacity of RPE cells in different species.
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General discussion
RPE cell loss is a characteristic feature of aging (Panda-Jonas et al, 1996) and retinal 
diseases such as m acular degeneration or retinitis pigmentosa (Adler et al., 1999). 
As one strategy in therapy  m ay be tissue replacement, I have undertaken several 
studies in an attem pt to investigate the proliferative capacity of this cell type in vivo 
using different approaches.
The first m ethod w as based on the proliferative histological features of hum an RPE 
cells, w here a subpopulation  of peripheral RPE cells were found to be large, 
irregular and  binucleated. These histological features were not observed in 
equatorial and central regions of the retina except close to drusen, and are 
indicative of cell proliferation.
The second m ethod w as based on immunohistochem ical studies using different 
proliferative m arkers. H ere it w as found that a small num ber of peripheral RPE 
cells w ere in the cell cycle (Ts'o and  Friedman, 1967) and approximately one-third 
of these cells u n d erw en t com plete cellular division as determ ined by BrdU label. 
This wave of proliferation w as not associated w ith the wave of nuclear division 
observed in the early post-natal stage (Strova & Panova, 1983). In addition, cell 
proliferation w as no t restricted to a specific postnatal age and was found in 
animals up  to one year old, b u t at a slow er rate.
The th ird  m ethod w as based on analyses of the gene expression profile of RPE cells 
after retinal detachm ent using  quantitative RT-PCR. There was an early 
upregulation of tw o proliferative m arkers (PCNA, Ki67) and one stem cell marker 
(Nestin). H ow ever a key question that arises here, is can RPE cells act as neuronal 
stem cells in m am m als?
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Stem cells have the capacity to self-renew as well as to give rise to specialized cell 
types. They are uncom m itted  and rem ain so until they receive a signal to develop 
into a distinct cell type. Besides em bryonic stem cells that are pluripotent and 
derived from  the blastocyst (Thom son et al., 1998), adult stem or precursor cells, 
which have a m ore lim ited potency to give rise to specialized cells, are found in 
different som atic tissues including  the central nervous system (Weissman et al., 
2001). Irrespective of their origins, stem  and precursor cells are m ultipotent in 
differentiation and  transdifferentiation, responding to stimuli both in vivo and in 
vitro (Stevenson et al., 1988; W hittem ore and Snyder, 1996; Bjornson et al., 1999).
In fish and am phibians, neurogenesis does not cease after the embryonic stage, but 
continues to take place th roughou t life. As a result the retina continues to grow 
and new  cells are added  continually in the stem-cell-containing zone known as the 
ora serrata (Straznicky and  Gaze, 1971; Johns, 1977). By using a birth date 
indicator, such as 3H thym idine, it has been shown that new rings of cells are 
constantly added  from  this zone to the retina, cells situated more peripherally 
being younger than  those in the central region (Hollyfield, 1971; Straznicky and 
Gaze, 1971). In chicks, a few  cells could be labelled w ith 3H thymidine in the most 
peripheral region of the retina in the hatched chick (Morris et al, 1976). Fischer and 
Reh 2000 have m ore recently re-exam ined this proliferating marginal zone in post­
natal chicks and found tha t these cells produce neurons, however, unlike in fish 
and am phibians, the CM Z does not participate in the regeneration process 
observed following injury. M oreover, the presence of a potential retinal stem cell 
population w ithin the ciliary epithelium  of rodents has been reported (Ahmad et 
al., 2000; Tropepe et al., 2001).
Previous studies have found  neural stem  cells expressing Nestin (Cattaneo and 
McKay, 1990) in regions w ith  cellular population that remain active in terms of cell
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production at m aturity , like the dentate gyrus or subventricular zone (Kuhn et al., 
1996). N eural stem  cells p rov ide  a potential cellular substrate for cell replacement 
strategies for diseases of the central nervous system (CNS) including the retina 
(Chacko et al., 2000; N ish ida et al., 2000).
Retinal degeneration and  dystrophies are a major cause of blindness and are often 
characterized by apoptotic death  of cells of the retina as occurs in retinitis 
pigm entosa and  AMD (Lolley et al., 1994) and Stem cell therapies may hold 
enorm ous potential for replacem ent of degenerative cells due to the high plasticity 
of these cells (review ed in A hm ad, 2001). It has been shown that retinal stem cells 
isolated from  the em bryonic retina express a photoreceptor-specific marker 
following transplantation  into the subretinal space of rats (Chacko et al., 2000). 
Further, it has been show n tha t stem  cells isolated from the ciliary epithelium  of 
adult rats and  transp lan ted  into eyes w ith retinal injury, will express photoreceptor 
markers (Chacko et al., 2003). The attem pt to repopulate the retina with grafted 
retinal derived stem  cells has been relatively unsuccessful because of limited 
integration of donor cells into the host retina (Silverman et al., 1992; Aramant and 
Seiler, 1995; Berson and  Jakobiec, 1999). However, a recent study showed that 
donor cells can integrate into the adu lt or degenerating retina if they are taken 
from the developing retina at a specific age were they are committed to a specific 
fate (MacLaren et al., 2006). As a result the discovery of any potential retinal stem 
cells w ould offers new  perspectives for a substrate for retinal regeneration (Ahmad 
et al., 2000; Tropepe et al., 2000).
Retinal stem  cells arise from  m ultipotential progenitors that may provide a 
substrate for retinal regeneration. A lthough progress has been m ade lately we still 
know very little about their origin and molecular characteristics. This knowledge 
may help in the fu ture to design of stem-cell-based retinal transplantation projects.
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Here I found a subpopulation  of RPE cells proliferating at a slow rate in the 
peripheral retinal zone, w hich could act as a source to replace apoptotic central 
RPE cells due to aging (Del Priore et al., 2002). In the light of this result it is of 
interest to m ention tha t a recent com parative study of adult rat CB- and RPE- 
derived cells suggested that the tw o cell types share certain neuronal properties in 
vitro. These tw o types of cells express neural progenitor markers such as Nestin, 
Flk-1, H esl, and  M usashi. M oreover, they have the capacity to differentiate into 
neuronal and  glial cells (Engelhardt et al., 2005). This may suggest that RPE cells 
have the potential to act as neuronal stem  cell.
Here I also show  tha t post retinal detachm ent proliferating RPE cells express 
Nestin, w hich is a neural stem  m arker. N estin can be up regulated due to tissue 
damage (Duggal et al., 1997; H olm in et al., 1997; Li and Chopp, 1999), and it is 
possible that this is the reason for its expression here. While this possibility can not 
be dism issed, there are three reasons for thinking it less likely. First, nestin up­
regulation in the m ature retina and  brain  in response to insult is almost invariably 
confined to glia (Kohno et al., 2006; Xue et al., 2006; Chang et al., 2007; Pekny et al., 
2007; W an et al., 2008). W hen up-regulation is found in the RPE it is in vitro rather 
than in vivo (Engelhardt et al., 2005), and differences between retinal staining 
patterns found in vitro and  in vivo have been stressed (Qiu et al, 2007). Second, 
there was no  spatial relationship betw een nestin labelling and the hole through 
which the injection w as m ade detaching the retina. This region w ould experience 
significant local traum a, and  if this were the reason for the up-regulation of this 
neural stem  cell m arker, then  one w ould  expect it to be more localised to this site, 
rather than diffuse label u n d er the detachm ent. Finally, there was a clear temporal 
coincidents betw een nestin  u p  regulation at both the RNA and protein level and 
the increase in the num ber of Ki67 positive cells. Hence, while it is not possible to
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reject the notion that nestin up-regulation was induced by dam age alone, there is a 
strong tem poral relationship to RPE cells entering the cell cycle.
The fact that RPE cells are capable of proliferating and expressing a stem  cell 
m arker, m ay suggest a possible regenerative capacity of m am m alian RPE cells. 
This partially m irrors the regenerative capacity of am phibian RPE cells, which are 
capable of regenerating a full functional retina post retinal detachm ent (Klein et al., 
1990; Reh and Pittack, 1995). H ow ever , a key question that rem ains to be 
answ ered is w hat inhibits m am m alian RPE cells from forming different cell types 
in a m anner sim ilar to am phibian and w hether it is possible to regulate the signals 
that stim ulate trans-differentiation. This m ight help repopulate dam aged regions 
of the neural retina. H ow ever before this could be investigated m any other 
question need to be answ ered in future studies.
In this study I found a slow rate of proliferation taking place in the peripheral 
retina. A pproxim ately 25 cells w ere found positive for Ki67. Labelling with BrdU 
produced  7 cells, which represents the subset in S-phase of the cell cycle. However, 
as BrdU injections were given as a single pulse, it may under estimate the actual 
num ber of proliferating cells because of it short availability and its restriction to 
labal cells in S-phase of the cell cycle. To answ er this question another experim ent 
should  be designed w here BrdU pulse is given once every 3-4 hours and then 
count the num ber of proliferating RPE cells in fixed time window. Further, it 
w ould be interesting to design experim ents to analyse the RPE cell cycle and 
duration. This could probably be achieved by counting the num ber of proliferative 
cell after single BrdU injections and com pare to the num ber of labelled BrdU after 
6, 12, 18, and  24 hours. However, this could be difficult as the num ber of 
proliferating RPE cells was small. A lternatively Caviness et al. (2003) have a 
m ethods using  m ultiple m arkers that could be used to the cell cycle length
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In this study  I also show  that albino rats have 10 times m ore proliferating RPE cells 
w hen com pared w ith pigm ented animals. Hence, it m ight be easier to use albinos 
as a m odel to s tudy  RPE cell-cycle. However, the reasons behind this variation 
should  be investigated before it could be used as m odel to investigate RPE cell 
proliferation. W hile tentative hypothesis can be raised as to why there are so m any 
m ore proliferating cells in these animals, these have still to be tested
W hy is proliferative capacity preserved in peripheral bu t not central retina?
An im portant finding in this s tudy  was the difference in RPE cell capacity to 
proliferate betw een central and peripheral RPE cells. This difference may be due to 
a num ber of reasons of w hich variation in gene expression between the tw o areas 
could be one. This variation could be identified by using gene chip analysis to find 
ou t differences in gene expression betw een central and peripheral retina. However 
this could be difficult as extracting RNA from the RPE monolayer was one of the 
m ajor difficulties faced in this project.
W hat happens if the retina w as detached for longer period, could it have the 
capacity to differentiate as am phibian retina? In this study, it was show n that RPE 
cell proliferation continues up  to 48 hours post retinal detachment. However, this 
period m ight not be sufficient for any serious attem pt at transdifferentiation, and it 
w ould be m ore appropria te  to analyse this issue at a much extended time period. 
Further, it w ould  be interesting to find out if the RPE cell expresses any further 
neuronal cell m arkers after extended period of retinal detachment, which may 
suggest a possible capacity of these cells to differentiate.
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Appendix
(Work undertaken and written by Peter Lundh von Leithner)
D ata  an alysis  (Delaunay triangulation)
C onsider a m icroscopic im age of the RPE as an almost regular tessellation (P) on a 
2-dim ensional p lane that is m ade up  of a small range of congruent regular 
polygons. We now  construct a D elaunay triangulation for P such that no point in P 
is inside the circum circle of any triangle in DT (P). By 'alm ost regular' is m eant that 
the D elaunay triangles form ed by these points are nearly equilateral, and have 
roughly  the sam e size. Instead of considering distances to nearest neighbours 
directly, w e instead use a m ore general definition of 'size' of certain subsets -  
specifically the size of the D elaunay triangles -  of the point pattern.
The m easurem ents used in this m ethod are derived from the average squared 
nearest neighbour distance and  its coefficient of variation, how ever instead of 
considering nearest neighbours directly (Brown, 1975; Brown and Rothery, 1978), 
we instead used  a m ore general definition of size and regularity based on subsets 
of cell populations by using the D elaunay triangulation of the point pattern formed 
by the cell centroids.
We now  create a coordinate system  from the points P, the centroid in each RPE cell 
-  that is, the po in t w ith in  each polygon that is equidistant from all vertices and 
w hich is different from  the cell nucleus.
The centroid size is defined as
*(--)=-{D---T}'2
w here the centre of gravity is z = — X,*=iz- • Using definition, the size S of a
triangle w ith  edge lengths a, b and c is determ ined by 3S2 = ( a 2 + b 2 + c 2), and it
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can be seen that the average squared size of a triangle is closely related to the 
average of three neighbouring squared distances (in the case of a nearly regular 
tessellation). The size of the triangles in a Delaunay triangulation will be closely 
related to the size of the corresponding Voronoi polygons, and it is this connection 
that has m otivated this work.
Cell size and regularity measurements
The average diam eter of a sub-population of sam pled RPE cells (D) is derived from 
lengths of the sides of triangles.
W here x and y are the coordinates of each triangle vertex in sub-population P.
To exam ine the regularity of the RPE cells we w ant to examine the relative sizes of 
the triangles. A lthough the pixel to m icron relationship is known, it is of interest to 
im plem ent a scaleless statistic so as to make the regularity m easurem ent 
com pletely independent of cell size.
Since we are exam ining a nearly regular process, a squared coefficient of variation 
of squared  sizes is well suited for detecting regular departures from a random  
Poisson process as defined by,
W here T is the coefficient of variation of squared sizes of triangles of a Delaunay
T =
triangulation and Sf = , where (v,,y, ) denotes the zth point
co-ordinates, x  = -Y* n x , a n d  y. = -Y* v, w ith z=l,2.1 2 j J 3
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The T statistic obtained from the triangulations is used to compare the regularity of 
sub-populations of RPE cells sam pled at different radial distances from the fovea 
and  in donor tissue from  different ages.
Simulation
To test the accuracy of the user-operated software, and m ore specifically, the 
ability of the operato r to define the centroid of each RPE cell a sim ulated RPE 
lattice w ith know n centroid locations w as designed. It was designed as a simple 
cellular au tom ata sim ulation of the RPE lattice, where each iteration increased the 
irregularity  of the lattice (Fig. 65).
An obvious criticism of the above m ethodology is that the underlying iterative 
m odel of pertu rbations from  a regular hexagonal grid is not sufficiently 
sophisticated to accurately m odel the aging of the RPE lattice. However, for the 
purpose of having  an operato r locate the cell centroid it is sufficiently complex. 
The results from  having  five operators locate the centroid in cell lattices of varying 
degrees of regularity  show ed no significant difference betw een operator located 
and true centroid location (P=0.874).
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Figure 66. D elaunay triangulation of sim ulated tessellation of polygons with increasing 
degrees o f deform ation.
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